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FOREWORD 
This r e p o r t  w a s  prepared by P r a t t  & Whitney A i r c r a f t  D iv i s ion  of 
United A i r c r a f t  Corporat ion under Con t rac t  NAS3-12010, "Space S t o r a b l e  
Engine C h a r a c t e r i z a t i o n .  The c o n t r a c t  w a s  adminis tered by the  Lewis  
Research Center of t h e  Nat ional  Aeronautics and Space Adminis t ra t ion,  
Cleveland, Ohio. This document is t h e  f i n a l  r e p o r t  on t h e  s u b j e c t  con- 
t r a c t  and summarizes t h e  t e c h n i c a l  work accomplished du r ing  the  per iod 
June 27, 1968 t o  March 21 ,  1969. The NASA P r o j e c t  Manager f o r  t h e  
c o n t r a c t  was John W. Gregory. 
A l l  work under the  Con t rac t  was conducted a t  P r a t t  & Whitney A i r c r a f t ' s  
F l o r i d a  Research and Development Center .  Many i n d i v i d u a l s  w i t h i n  FRDC 
con t r ibu ted  t o  t h e  c o n t r a c t  t e c h n i c a l  e f f o r t .  Those persons c o n t r i b u t i n g  
the g r e a t e s t  t i m e  and e f f o r t  included:  D.  J.  S t o u t ,  J.  A .  McCabe, 
R. C. Mulligan, R. M. Hammond, G .  L. C la rk  and J. S t e t t l e r  ( c y c l e  a n a l y s i s  
and turbopump performance); W. R. Kaminski and J. W. Neal (hea t  t r a n s f e r ) ;  
F. R.  Landrum and E .  D .  Rush (weight and stress a n a l y s i s ) ;  C.  Pe t e r son ,  
R .  M. Huls ,  G.  J .  Promozic, and B .  J. Taylor (mechanical d e s i g n ) ;  
T. E .  Bai ley,  A .  I. Masters -Program Manager, and A .  W. Brooke -Deputy 
Program Manager (program d i r e c t i o n ) .  
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ABSTRACT 
Analyses were conducted f o r  de t e rmina t ion  o f  an optimum c y c l e ,  
turbomachinery arrangement, and des ign  p o i n t  f o r  a 5000-lb (22.24-kN) 
t h r u s t  flox/methane pump-fed engine.  
d r i v e  turbopump w a s  s e l e c t e d  a t  nominally 500-psia (344.7-N/cm ) chamber 
p r e s s u r e ,  an expansion r a t i o  of 70:1, and a mixture  r a t i o  of 5.25. A 
p re l imina ry  engine des ign  inc lud ing  component l ayou t s  w a s  completed f o r  
The expander cyc le  wi th  a geared 
2 
the  s e l e c t e d  c o n f i g u r a t i o n .  Unique d e s i g n  f e a t u r e s  include a TKERMAL 
S K I N  t h r u s t  chamber and a nozzle  contour s u i t a b l e  f o r  a d d i t i o n  of a 
1 O O : l  nozzle  extension.  The des ign  provides  f o r  u p r a t i n g  t o  8000-lb 
(35.59-kN) t h r u s t  and t h r o t t l i n g  t o  10% t h r u s t .  
03 
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SECTION I 
SUMNARY 
The o b j e c t i v e  of Contract  NAS3-12010 w a s  t o  d e f i n e  t h e  most d e s i r a b l e  
o p e r a t i n g  c o n d i t i o n s ,  c y c l e ,  and component c o n f i g u r a t i o n  f o r  a 5000-lb 
(22.24-kN) t h r u s t  f lox/methane (CHq) pump-fed engine.  The program 
included e x t e n s i v e  a n a l y s i s  based on d a t a  from previous f l o x / l i g h t  
hydrocarbon i n v e s t i g a t i o n s  and culminated i n  a complete engine p re l imi -  
na ry  design. 
A. CYCLE AND DESIGN POINT SELECTION 
One unique f e a t u r e  of t h e  s tudy w a s  t h e  use  of channel-type coo l ing  
03 passages i n  a t h r u s t  chamber u s i n g  THERMAL S K I N . *  r a t h e r  t han  convent ional  
t u b u l a r  c o n s t r u c t i o n .  Heat t r a n s f e r  ana lyses  i n d i c a t e d  t h a t  adequate 
coo l ing  could b e  achieved,  b u t  t h a t  t h e  cool ing j a c k e t  p r e s s u r e  drop 
w a s  g r e a e l y  dependent upon f a b r i c a t i o n  methods and a s s o c i a t e d  l i m i t a -  
t i o n s  t h a t  d i r e c t l y  a f f e c t  t h e  coo lan t  channel dimensions. Based on 
c u r r e n t  photoengraving technology, dimensional l i m i t a t i o n s  imposed f o r  
t h e  s tudy  w e r e :  a maximum channel depth-to-width r a t i o  of 2.0, a mini- 
mum land  width of 0.025 i n .  (0.064 cm) , and a minimum w a l l  t h i ckness  of 
0.020 i n .  (0.b51 cm). 
For comparison of a p p l i c a b l e  engine cyc le s  and turbomachinery con- 
f i g u r a t i o n s ,  two design p o i n t s  were s e l e c t e d  on t h e  b a s i s  of t h r u s t  
chamber coo l ing  requirements  and c y c l e  cons ide ra t ions .  They w e r e :  
2 
1. F = 5000 l b ,  (22.24 kN),, Pc = 800 p s i a  (551.6 N/cm ) , 
fe  = 100, r - 5.25 
2 
2. F = 5000 l b ,  (22.24 kN), Pc = 500 p s i a ,  (344.7 N / c m  ) ,  
ee = 60, r = 5.25 
Cycle s t u d i e s  based on t h e  f i r s t  design p o i n t  provided an e v a l u a t i o n  of 
c y c l e  performance and c a p a b i l i t i e s  a t  nea r  l i m i t i n g  cond i t ions ,  b u t  w i th  
somewhat r e s t r i c t e d  c y c l e  f l e x i b i l i t y .  The second design p o i n t  provided 
+<Thermal Skin is a r e g i s t e r e d  trademark o f  United A i r c r a f t  Corporation 
t h a t  re la tes  t o  laminated channel-type coo lan t  passage cons t ruc t ion .  
(See S e c t i o n  IIIe) 
1 
less d i f f i c u l t  engine development requirements and inc reased  o p e r a t i o n a l  
f l e x i b i l i t y  w i t h i n  t h e  same engine envelope. 
The expander, g a s  gene ra to r ,  a u x i l i a r y  h e a t  exchanger, t a p o f f ,  and 
s t a g e d  combustion cyc le s  were compared .at both design p o i n t s .  Turbopump 
c o n f i g u r a t i o n s  i n v e s t i g a t e d  were (1)  a s i n g l e  t u r b i n e  d r i v i n g  both 
pumps d i r e c t l y ,  (2) a s i n g l e  t u r b i n e  wi th  geared pumps, (3) series t u r -  
b i n e s ,  and ( 4 )  p a r a l l e l  t u r b i n e s .  The est imated d e l i v e r e d  vacuum s p e c i f i c  
impulse,  r equ i r ed  f u e l  pump d i scha rge  p r e s s u r e ,  and engine weight f o r  
t h e  v a r i o u s  cycle-turbopump combinations eva lua ted  are shown i n  t a b l e  I. 
The d i f f e r e n t  cyclgs  and. turbopump c o n f i g u r a t i o n s  were a l s o  com- 
pared q u a l i t a t i v e l y  on t h e  b a s i s  of complexity, development d i f f i c u l t y ,  
des ign  f l e x i b i l i t y ,  ease of t h r o t t l i n g ,  and product ion cos t .  The most 
s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  q u a l i t a t i v e  r a t i n g s  of t h e  v a r i o u s  cyc le s  
r e s u l t e d  from cons ide ra t ion  of :  
gaseous hydrogen f l u o r i d e  i n  t h e  t u r b i n e  d r i v e  f l u i d  of t h e  gas  genora- 
t o r ,  t apo f f  , and preburner  cyc le s  , which p r e s e n t s  p o t e n t i a l  problems i n  
t u r b i n e  f o u l i n g  and materials c o m p a t i b i l i t y ;  (2)  t h e  problems of propel-  
l a n t  d i s t r i b u t i o n  i n  t h e  t a p o f f  c y c l e  t o  provide a s a t i s f a c t o r y  t u r b i n e  
working f l u i d  without  a s u b s t a n t i a l  l o s s  i n  performance; and, ( 3 )  t h e  
more severe turbomachinery requirements (h ighe r  f u e l  pump d i scha rge  
p res su re )  of t h e  expander and p reburne r  cyc le s .  
performance, engine weight,  and t h e  f i v e  q u a l i t a t i v e  f a c t o r s ,  t h e  
expander and a u x i l i a r y  h e a t  exchanger cyc le s  w e r e  s e l e c t e d  f o r  more 
d e t a i l e d  s tudy.  
(1) t h e  presence of s o l i d  carbon and 
On t h e  b a s i s  of engine 
Of t h e  f o u r  turbopump conf igu ra t ions  considered,  t h e  s i n g l e  t u r b i n e  
w i t h  geared pumps w a s  judged s u p e r i o r  f o r  b o t h  t h e  a u x i l i a r y  h e a t  
exchanger and expander cyc le s .  The d i r e c t  d r i v e  conf igu ra t ion  i s  
l i m i t e d  i n  speed by t h e  o x i d i z e r  pump seal requirements.  Consequently, 
t h e  f u e l  pump and t u r b i n e  e f f i c i e n c i e s  are s u b s t a n t i a l l y  lower than  f o r  
t h e  o t h e r  arrangements,  thereby i n c r e a s i n g  t h e  a u x i l i a r y  hea t  exchanger 
c y c l e  l o s s e s  and reducing t h e  expander c y c l e  power margin. Dual t u r -  
b i n e s ,  whether i n  series o r  p a r a l l e l ,  w e r e  found t o  be h e a v i e r  and 
r e s u l t e d  i n  inc reased  c o n t r o l  system complexity. I n  a d d i t i o n ,  admission 
areas became r a t h e r  s m a l l  f o r  p a r a l l e l  t u r b i n e s ,  p a r t i c u l a r l y  f o r  t h e  
expander cyc le .  
2 
3 
Because both t h e  expander and a u x i l i a r y  h e a t  exchanger cyc le s  looked 
completely f e a s i b l e  a t  both des ign  p o i n t s  s t u d i e d ,  f i n a l  c y c l e  s e l e c t i o n  
f o r  t h e  p re l imina ry  design w a s  based p r i m a r i l y  on off-design ope ra t ion .  
T h r o t t l i n g  t o  10% of design t h r u s t  and engine u p r a t i n g  w e r e  considered. 
T h r o t t l i n g  w a s  found t o  be f e a s i b l e  i n  t h r e e  of t h e  f o u r  cases; how- 
ever, excess ive  b u l k  o u t l e t  temperature  a t  minimum t h r u s t  a t  t h e  h i g h e r  
p r e s s u r e  design p o i n t  made i t  i m p r a c t i c a l  f o r  t h e  expander cyc le .  
Uprat ing t o  8000-lb (35.59-kN) t h r u s t  w a s  found t o  be f e a s i b l e  f o r  
t h e  expander c y c l e  a t  Design P o i n t  2,  b u t  t h e  closed c y c l e  w a s  power- 
l i m i t e d  a t  Design p o i n t  1. 
cyc le  w a s  found t o  b e  f e a s i b l e  a t  bo th  des ign  p o i n t s ,  b u t  on ly  with an 
a p p r e c i a b l e  l o s s  i n  performance a t  bo th  t h e  design t h r u s t  and t h e  
up ra t ed  cond i t ions .  On t h e  b a s i s  of engine s p e c i f i c  impulse,  weight ,  
t h r o t t l e a b i l i t y ,  and u p r a t i n g  p o t e n t i a l ,  t h e  expander cyc le  at Design 
P o i n t  2 w a s  be l i eved  t o  b e  t h e  b e s t  all-around cho ice  and w a s  s e l e c t e d  
by NASA L e w i s  Research Center (LeRC) P r o j e c t  Manager f o r  t h e  p re l imina ry  
engine design. 
Uprat ing of t h e  a u x i l i a r y  h e a t  exchanger 
B . .ENGINE: PRELIMINARY DESIGN 
The engine p re l imina ry  des ign  w a s  based on t h e  expander c y c l e  w i t h  
The nominal engine o p e r a t i n g  cond i t ions  w e r e  a gea r  d r iven  turbopump. 
5000-lb (22.24-kN) t h r u s t ,  500-psia (344.7-N/cm ) chamber p r e s s u r e ,  
a nozzle  expansion r a t i o  of 70:1, and a t h r u s t  chamber mixture  r a t i o  of 
5.25. The vacuum s p e c i f i c  impulse w a s  p r e d i c t e d  t o  be 399.4 l b f - s e c / l b  
(3917 N-sec/kg), based on 94% impulse e f f i c i e n c y  and a seal  leakage and 
gearbox coo lan t  l o s s  e q u i v a l e n t  t o  2.0 l b f - s e c / l b m  (19.61 N-sec/kg) 
impulse. The exhaust nozzle  is  contoured t o  accep t  a nozzle  ex tens ion  
t h a t  would i n c r e a s e  t h e  expansion r a t i o  t o  1 O O : l  and add approximately 
6.0-lbf-sec/lbm ( 5 8 . 8 4  N-sec/kg) s p e c i f i c  impulse. 
d e s i g n  i s  capable  of  u p r a t i n g  t o  8000-lb (35.59-kN) t h r u s t  and t h r o t t l i n g  
t o  10% t h r u s t .  The e s t ima ted  engine weight i s  98 l b  (44.91 kg) wi thou t  
t h e  nozzle  extension.  
2 
m 
The b a s i c  engine 
F igu re  1 shows t h e  design p o i n t  c y c l e  schematic  i nc lud ing  engine 
c o n t r o l  p o i n t s  f o r  f i x e d  t h r u s t  o p e r a t i o n .  Control  requirements f o r  
t h r o t t l i n g ,  t a n k  head i d l e ,  and p r o p e l l a n t  u t i l i z a t i o n  w e r e  a l s o  
eva lua ted .  The f u e l  turbopump speed i s  nominally 50,000 rpm 
4 
(5236 r a d / s ) ,  and t h e  o x i d i z e r  pump i s  geared t o  one-half  t h e  f u e l  pump 
speed, o r  25,000 rpm (2618 r a d / s ) .  Thrust  i s  c o n t r o l l e d  by va ry ing  
the  t u r b i n e  bypass flow area, and mixture  r a t i o  i s  c o n t r o l l e d  by vary-  
ing t h e  o x i d i z e r  secondary flow t o  t h e  c o a x i a l  d u a l - o r i f i c e  i n j e c t o r .  
The engine turbomachinery, c o n t r o l s ,  t h r u s t  chamber, and i n j e c t o r  
are p r e d i c t e d  t o  o p e r a t e  s a t i s f a c t o r i l y  over t h e  r equ i r ed  ranges of 
t h r u s t ,  mixture  r a t i o ,  h e a t  f l u x  levels ,  and pump i n l e t  cond i t ions .  
F igu re  1: 5000-lb (22.24-kN) Flox/Methane 
Engine Cycle Schematic 
FD 27375.B 
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SECTION I1 
INTRODUCTION 
A. FEOX/METHANE ENGINE APPLICATIONS 
Advanced upper-stage pump-fed rocke t  engines u s i n g  high-energy 
space s t o r a b l e  p r o p e l l a n t s  can provide s u b s t a n t i a l  payload i n c r e a s e s  
o r  reduced launch v e h i c l e  weight ,  when compared w i t h  pressure-fed sys- 
t e m s  u s i n g  e a r t h  s t o r a b l e  p r o p e l l a n t s .  These advanced s t a g e s  i n c l u d e  
p l a n e t a r y  o r b i t e r s ,  p l a n e t a r y  probe l a n d e r s ,  s c i e n t i f i c  s o l a r  probes,  
probes t o  t h e  o u t e r  p l a n e t s  and a s t r o i d s ,  p l a n e t a r y  s u r f a c e  sample 
r e t u r n  v e h i c l e s ,  and a v a r i e t y  of manned and unmanned p lane ta ry  o r  
l u n a r  r e t u r n  s t a g e s .  
Flox/methane i s  an  a t t r a c t i v e  space s t o r a b l e  p r o p e l l a n t  combination 
f o r  pump-fed engines because methane i s  (1) a good coolant  and good 
t u r b i n e  working f l u i d  and (2) t h e  p r o p e l l a n t s  have a high enough b o i l i n g  
p o i n t  and s u f f i c i e n t l y  compatible l i q u i d  temperature  range f o r  long 
t e r m  space  s t o r a g e .  The d e s i r a b l e  coo l ing  c h a r a c t e r i s t i c s  of methane 
allow much h ighe r  combustion chamber p r e s s u r e s  t o  be achieved than  wi th  
o t h e r  h i g h  energy space  s t o r a b l e  f u e l s .  Higher chamber p r e s s u r e  means 
h ighe r  engine performance w i t h i n  a smaller envelope. This advantage i s  
apparent when it i s  recognized t h a t  a flox/methane engine wi th  an  expan- 
s i o n  r a t i o  of 1 O O : l  o p e r a t i n g  a t  800-psia (551.6 N / c m  ) chamber p re s -  
s u r e ,  could d e l i v e r  a vacuum s p e c i f i c  impulse 100 l b f - s e c / l b  
(980.7 N-sec/kg) g r e a t e r  t han  t h a t  of  a c u r r e n t  N204/50% UDMH-50% N2H4 
pressure-fed system o p e r a t i n g  a t  a chamber p re s su re  o f  approximately 
100 p s i a  (68.9 N/crn2) and d e l i v e r i n g  about 305 l b f - s e c / l b m  (2991 N-sec/kg) 
s p e c i f i c  impulse w i t h  an  expansion r a t i o  of 50. Add i t iona l ly ,  t h e  f l o x /  
methane engine would provide 50% reduc t ions  i n  exhaust  nozzle  l e n g t h  and 
diameter.  
2 
m 
A l a r g e  number of advanced high energy a p p l i c a t i o n s  have t h r u s t  
requirements i n  t h e  range of 1000 t o  10,000 l b  (4.448 kN t o  44.48 kN). 
T r a n s l a t i n g  t h e  inc reased  s p e c i f i c  impulse f o r  flox/methane i n t o  pay- 
load f o r  a t y p i c a l  mission,  a 45 t o  65% i n c r e a s e  i n  landed Mars probe 
weight i s  p o s s i b l e  when a pump-fed fl-ox/CHq engine is  used f o r  o r b i t a l  
7 
c a p t u r e  p ropu l s ion  r a t h e r  t han  a pressure-fed N 0 /50-50 system. 
Greater payload ga ins  are p o s s i b l e  i n  more d i f f i c u l t  missions such as 
p l a n e t a r y  s u r f a c e  sample r e t u r n .  
2 4  
I n  a d d i t i o n  t o  p rov id ing  performance ga ins  , pump-fed engines  us ing  
flox/methane provide a s o l u t i o n  t o  one problem i n h e r e n t  i n  pressure-fed 
systems. Pressure-fed systems r e q u i r e  long t e r m  s t o r a g e  of high pres- 
s u r e  g a s  f o r  p r e s s u r i z a t i o n  of t h e  p r o p e l l a n t  t anks .  
system can cause mission f a i l u r e ;  t h e r e f o r e ,  a complicated network of 
redundant valves, r e g u l a t o r s ,  and plumbing is  r e q u i r e d  f o r  gas  s t o r a g e  
and c o n t r o l .  It is p o s s i b l e  w i t h  pump-fed engines  t h a t  burn v o l a t i l e  
p r o p e l l a n t s  t o  provide a l l  of t h e  p r e s s u r i z i n g  gas d i r e c t l y  from t h e  
engine turbopumps. This technique,  known as "autogenous p r e s s u r i z a t i o n , "  
e l i m i n a t e s  t h e  requirement f o r  h igh  p r e s s u r e  gas s t o r a g e  du r ing  long t e r m  
space missions.  I n  a d d i t i o n ,  t h e  vapor p r e s s u r e  of t he  p r o p e l l a n t s ,  
themselves,  can sometimes be used t o  provide t h e  tank head r e q u i r e d  f o r  
l ow- th rus t  engine f i r i n g s  o r  a t t i t u d e  c o n t r o l  systems. 
A l e a k  i n  t h e  gas  
B. FLOX/METHANE TECHNOLOGY 
A n a l y t i c a l  and experimental  i n v e s t i g a t i o n s  of flox/methane and 
o t h e r  f l o x / l i g h t  hydrocarbon p r o p e l l a n t  combinations have been con- 
ducted by P r a t t  & Whitney A i r c r a f t  through independent s t u d i e s  t h a t  
began i n  1963 and under f i v e  NASA-LeRC c o n t r a c t s ,  t h e  f i r s t  of which 
s t a r t e d  i n  June 1964. Three of t h e s e  c o n t r a c t s  (NAS3-4195, Reference 1; 
NAS3-6296, Reference 2; and NAS3-10294, Reference 3) were d i r e c t e d  
p r i m a r i l y  toward a p p l i c a t i o n  of f l o x / l i g h t  hydrocarbon combinations t o  
pressure-fed upper-stage engines .  Neve r the l e s s ,  accomplishments under 
t h e s e  c o n t r a c t s  provided v a l u a b l e  d a t a  p e r t a i n i n g  t o  coo l ing  r equ i r e -  
ments and i n j e c t o r  performance t h a t  gave i n s i g h t  i n t o  h ighe r  chamber 
p r e s s u r e  requirements.  The most s i g n i f i c a n t  conclusions r e l a t e d  t o  
flox/methane engine o p e r a t i o n  drawn from t h e  t h r e e  low p r e s s u r e  con- 
t racts  were: 
1. Flox/CH4 p rov ides  h igh  d e l i v e r e d  .vacuum s p e c i f i c  impulse;  
however, nonequi l ibr ium expansion l o s s e s  and d i f f i c u l t i e s  i n  
ach iev ing  h igh  combus t i o n  e f f i c i e n c y  at h igh  mixture  r a t i o s  
s h i f t  t h e  mixture  r a t i o  f o r  maximum performance t o  a lower 
va lue  than  t h e  optimum t h e o r e t i c a l  mixture  r a t i o .  
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2. Carbon d e p o s i t i o n  on t h e  t h r u s t  chamber w a l l  w i l l  reduce 
t h e  chamber h e a t  f l u x  t o  lower va lues  than  those  pre-  
d i c t e d  by convent ional  boundary l a y e r  a n a l y s i s .  
3. Cooling under b u l k  b o i l i n g  cond i t ions  is  f e a s i b l e ,  provided t h a t  
c i r c u m f e r e n t i a l  v a r i a t i o n s  i n  i n j e c t o r  h e a t  f l u x  and coo lan t  flow 
are not excess ive .  
4 .  Flox/CH i s  hype rgo l i c  f o r  t h e  f l u o r i n e  concen t r a t ions  r e q u i r e d  4 
t o  achieve high performance. 
Con t rac t s  NAS3-7950 (Reference 4 )  and NAS3-11190 (References 5 and 
6)  d e a l t  d i r e c t l y  wi th  flox/CH pump-fed engine ope ra t ion .  Under Con- 
t r a c t  NAS3-7950, an RLlOA-1 oxygen/hydrogen expander cyc le  engine w a s  
modified and t e s t e d  wi th  flox/CH Nominal test cond i t ions  were 
13,000-lb (57.83-kN) t h r u s t ,  250-psia (172.4-N/cm ) chamber p r e s s u r e ,  
and 5.75 mixture  r a t i o .  
f o r  a t o t a l  engine o p e r a t i n g  t i m e  of 120 s e c .  The primary problem 
encountered w a s  burnout of t h e  t u b u l a r  t h r u s t  chamber during t h e  start  
t r a n s i e n t .  The coo l ing  problems w e r e  a t t r i b u t e d  t o  t h e  l a r g e  coo lan t  
passages t h a t  were o r i g i n a l l y  designed f o r  hydrogen. It w a s  recognized 
t h a t  r educ t ions  i n  coolant  f low area would b e  r equ i r ed  i n  c r i t i c a l  h e a t  
t r a n s f e r  r eg ions ;  accomplishment of t h e s e  r educ t ions  w a s  based on 
a n a l y s i s .  However, t h e  l a r g e  coo lan t  passage volume a l s o  pe rmi t t ed  an 
excessive m a s s  of l i q u i d  methane t o  accumulate i n  t h e  t h r u s t  chamber 
j a c k e t  du r ing  engine s ta r t ,  causing coo lan t  f low r e v e r s a l s  and t h r u s t  
chamber burnout problems t h a t  were no t  i n i t i a l l y  a n t i c i p a t e d ,  and 
which r e q u i r e d  s o l u t i o n  du r ing  engine t e s t i n g .  
t h e  f e a s i b i l i t y  of flox/CH pump-fed engine o p e r a t i o n  and e s t a b l i s h e d  
the  a p p l i c a b i l i t y  of  t h e  expander c y c l e  and an R L ~ O  type c o n t r o l  system 
t o  such an engine. 
4 
2 4' 
Nine engine demonstrat ion tes ts  were conducted 
The program demonstrated 
4 
Contract  NAS3-11190, Space S t o r a b l e  Regenerative Cooling Invest iga-  
t i o n ,  i s  d i r e c t e d  toward improving t h r u s t  chamber coo l ing  wi th  hydro- 
carbon f u e l s  u s ing  advanced t h r u s t  chamber f a b r i c a c i a n  techniques.  
Early a n a l y t i c a l  s t u d i e s  (Reference 4 )  provided p r e d i c t i o n s  of coo l ing  
l i m i t s  f o r  va r ious  hydrocarbon f u e l s  w i th  f l o x  and wi th  oxygen- 
d i f l u o r i d e .  On t h e  b a s i s  of t h e  s tudy ,  f lox/methane w a s  s e l e c t e d  f o r  
9 
t h e  experimental  phases of t h e  program. Nominal test  cond i t ions  w e r e  
5000-lb (22.24-kN) t h r u s t  and 500-psi  (344.7-N/cm ) chamber p re s su re .  
A t  t h e  t i m e  t h i s  r e p o r t  w a s  prepared,  t h e  experimental  work was n o t  com- 
p l e t e .  Water-cooled f i r i n g s  us ing  Thermal Skin type t h r u s t  chambers 
had been conducted. 
chamber h e a t  f l u x  d a t a  t h a t  w e r e  used i n  t h e  design of a r e g e n e r a t i v e l y  
cooled Thermal Sk in  t h r u s t  chamber. The d a t a  ob ta ined  i n  t h e  water- 
cooled tests and t h e  experience i n  r e g e n e r a t i v e  t h r u s t  chamber design 
and f a b r i c a t f a n  provided v a l u a b l e  background a p p l i c a b l e  t o  t h i s  study. 
2 
The tests provided i n j e c t o r  performance and 
C. OBJECTIVE AND PROGRAM ORGANIZATION 
The o b j e c t i v e  of t h e  work conducted under t h i s  program w a s  t o  d e f i n e  
t h e  most d e s i r a b l e  o p e r a t i n g  c o n d i t i o n s ,  c y c l e ,  and component configura- 
t i o n  f o r  a 5000-lb (22.24-kN) t h r u s t  flox/CH4 pump-fed engine.  
e i g h t  month program included e x t e n s i v e  h e a t  t r a n s f e r  and c y c l e  a n a l y s i s  
u s ing  d a t a  from previous f l o x / l i g h t  hydrocarbon i n v e s t i g a t i o n s ,  and 
culminated i n  a complete p re l imina ry  engine design.  The program con- 
s i s t e d  o f  two t a s k s :  Task I, Engine Turbopump Drive Cycle I n v e s t i g a -  
t i o n ,  and Task 11, Engine Prel iminary Design Evaluat ion.  
The 
Task 11, as i n d i c a t e d  by i t s  t i t l e ,  comprised t h e  a c t u a l  engine 
p re l imina ry  design e f f o r t .  
a des ign  p o i n t  w i t h i n  s p e c i f i e d  ranges of o p e r a t i n g  c o n d i t i o n s ,  and an 
engine c y c l e  w e r e  completed. The i n i t i a l  phase of Task I w a s  a prelim- 
i n a r y  r e g e n e r a t i v e  coo l ing  a n a l y s i s  t o  e v a l u a t e  t h e  f e a s i b i l i t y  of 
r e g e n e r a t i v e  coo l ing  over t h e  s p e c i f i e d  range s o  t h a t  two a l t e r n a t i v e  
design p o i n t s  could be s e l e c t e d ,  and t o  provide coo lan t  temperature  rise 
and p r e s s u r e  drop d a t a  f o r  u se  i n  a Turbopump Drive Cycle Analysis ,  o r  
s c r e e n i n g  of cand ida te  cyc le s  and turbopump arrangements. This  a n a l y s i s  
included c y c l e  s t u d i e s ,  performance e s t i m a t i o n ,  weight e s t i m a t i o n ,  and 
q u a l i t a t i v e  e v a l u a t i o n  of f a c t o r s ,  such as complexity,  design d i f f i c u l t y ,  
e tc . ,  a t  t h e  s e l e c t e d  design p o i n t s .  On t h e  b a s i s  of t h e  sc reen ing  
r e s u l t s ,  two-cycle-turbopump combinations w e r e  s e l e c t e d  f o r  more 
d e t a i l e d  eva lua t fon  a t  each of t h e  two design p o i n t s .  Thrust  chamber 
geometry and coo lan t  passage designs w e r e  completed f o r  each of t h e  
r e s u l t i n g  f o u r  cases, which were t h e n  s u b j e c t e d  t o  more d e t a i l e d  
I n  Task I, t h e  ana lyses  necessa ry  t o  select  
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a n a l y s i s  i nc lud ing  e v a l u a t i o n  of off-design o p e r a t i o n  and v a r i a t i o n s  
i n  several s p e c i f i e d  i n p u t  parameters.  The more d e t a i l e d  s tudy i s  
r e f e r r e d  t o  as t h e  Cycle Energy Balance s tudy ,  t o  d i f f e r e n t i a t e  i t  fram 
t h e  i n i t i a l  s c reen ing .  Upon completion of t h e  e v a l u a t i o n ,  recammenda- 
t i o n s  as t o  t h e  relative m e r i t s  of t h e  f o u r  cases were made t o  NASA- 
LeRC P r o j e c t  Manager, who then  s e l e c t e d  a s i n g l e  c y c l e  and design p a i n t  
f o r  Task 11. 
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SECTION 111 
ANALYTICAL EFFORT - TASK I 
A. GUIDELINES AND DESIGN PARAMETERS 
Engine ope ra t ing  cond i t ions  f o r  t h e  Task I a n a l y s i s  were s p e c i f i e d  
a t  t h e  levels shown i n  Table  I1 by c o n t r a c t .  
Table  11. Task I Design Parameters  
Tacuum Thrus t  
:hamber P res su re  
f ix tu re  R a t i o  
Jozzle Area Ra t io  
) e l i v e r e d  Vacuum S p e c i f i c  
:mpulse (Excluding Cycle 
,asses) 
' rope l l an t  I n l e t  Condi t ions 
Liquid  Methane 
T empe r a t  u r e  
P res su re  
Liquid  Flox 
Temperature 
P res su re  
5000 l b  (22.24kN) 
300 - 1000 p s i a  (206.8 - 689.5 N / c m  ) 
4.75 - 5.75 
40 - 100 
2 
94% of T h e o r e t i c a l  S h i f t i n g  Equi l ibr ium 
170 - 260"R (94.44 - 144.4"K) 
20 - 125 ps ia*  (13.79 - 86.19 N/cm2) 
150 - 200"R (83.33 - I11.I0I<) 
20 - 125 ps ia*  (13.79 - 86.19 N/cm2) 
*Based on pump requirements  
Several des ign  c o n s t r a i n t s  were a l s o  imposed f o r  t h e  a n a l y s i s ,  i nc lud ing  
t h e  fol lowing:  
1. Only r e g e n e r a t i v e  coo l ing  w i t h  l i q u i d  methane w a s  t o  b e  
considered.  
2. The coolan t  j a c k e t  p r e s s u r e  drop w a s  l i m i t e d  t o  a va lue  less 
t h a n  chamber p re s su re ,  and p r e f e r a b l y  below 50% of chamber 
p r e s s u r e  e 
3 .  The t h r u s t  chamber w a s  t o  be  nickel, w i t h  a maximum ho t  s i d e  
w a l l  temperature  of  2160"R ( 1200'K). 
1 3  
4 .  Channel t ype  coo lan t  passage c o n s t r u c t i o n  us ing  advanced 
f a b r i c a t i o n  techniques such as e l ec t ro fo rming  , e l e c t r o d i s c h a r g e  
machining, chemical m i l l i n g ,  o r  photoetching w a s  t o  b e  given 
p re fe rence  over convent ional  t u b u l a r  cons t ruc t ion .  
I n  t h e  f i r s t  s c reen ing ,  s i x  cyc le s  and f o u r  turbopump arrangements 
w e r e  evaluated a t  two design p o i n t s .  The two design p o i n t s ,  l i s t e d  i n  
Paragraph C ,  w e r e  s e l e c t e d  a f t e r  completion of a p re l imina ry  regenera- 
t ive  coo l ing  a n a l y s i s .  The s i x  c y c l e s  eva lua ted  w e r e  t h e  gas gene ra t a r ,  
chamber t a p o f f ,  a u x i l i a r y  h e a t  exchanger, expander, s t aged  combustion, 
and composite expander. The turbopump arrangements w e r e :  (1) a s i n g l e  
t u r b i n e  wi th  d i r e c t  d r i v e  pumps, (2) a s i n g l e  t u r b i n e  wi th  gea r  d r i v e n  
pumps, (3) series t u r b i n e s ,  and ( 4 )  p a r a l l e l  t u r b i n e s .  The c y c l e s  and 
turbopump c o n f i g u r a t i o n s  are desc r ibed  i n  paragraph C. 
B .  PRELIMINARY REGENERATIVE COOLING ANALYSIS 
The p re l imina ry  r e g e n e r a t i v e  coo l ing  a n a l y s i s  c o n s i s t e d  of s t u d i e s  
t o  v e r i f y  t h a t  r e g e n e r a t i v e  c o o l i n g  w a s  f e a s i b l e  over t h e  range of 
o p e r a t i n g  cond i t ions  s p e c i f i e d  and t o  gene ra t e  cool ing j a c k e t  d i scha rge  
temperature and p r e s s u r e  l o s s  p r e d i c t i o n s  f o r  u se  i n  turbopump d r i v e  
c y c l e  analyses .  The coo l ing  s t u d i e s  w e r e  completed independent ly  p r i o r  
t o  t h e  s tar t  of t h e  Contract  NAS3-12010 e f f o r t  t o  e x p e d i t e  t h e  program. 
Two sets of c a l c u l a t i o n s  were made, each r e f l e c t i n g  p a r t i c u l a r  assump- 
t i o n s  of dimensional l i m i t a t i o n s  f o r  t h r u s t  chamber cons t ruc t ion .  Both 
sets included c a l c u l a t i o n s  based on h e a t  f l u x  levels corresponding t o  
(1) no carbon d e p o s i t i o n ,  Bartz s h o r t  form method; (2)  Qm/Qp = 0.90, 
where Q /Q  i s  t h e  r a t i o  of measured h e a t  f l u x  t o  t h e  p r e d i c t e d  hea t  
f l u x  n e g l e c t i n g  carbon depos i t i on ;  and ( 3 )  Q,/Q 
1. Chamber F a b r i c a t i o n  Methods 
m P  
= 0.76. 
P 
The method of chamber f a b r i c a t i o n  imposes chamber coolant  passage 
dimensional l i m i t a t i o n s .  I n  t u r n ,  t h e s e  dimensional l i m i t a t i o n s  g r e a t l y  
i n f l u e n c e  t h e  w a l l  temperature  - coo lan t  p r e s s u r e  drop r e l a t i o n s h i p .  
Two advanced methods of c o n s t r u c t i n g  t h r u s t  chambers wi th  s m a l l  coolant  
channels t h a t  were considered s u f f i c i e n t l y  developed t o  be f e a s i b l e  f o r  
t h e  s tudy  w e r e  e l e c t r o d e p o s i t i o n  and u s e  of photoe'tched p l a t e s  (Thermal 
Skin) .  
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Severa l  methods are a v a i l a b l e  f o r  f a b r i c a t i n g  rocke t  t h r u s t  
chambers by  e l ec t rodepos i t i on .  T h e  p ioneer  f o r  t h i s  method has  been 
Camin Labora to r i e s ,  Inc.  (Reference 7 ) .  I n  t h e  technique  they  developed, 
t h e  i n n e r  w a l l  of t h e  t h r u s t  chamber i s  formed by depos i t i on  of n i c k e l  
on a mandrel which has  been  machined t o  t h e  r equ i r ed  i n t e r n a l  dimen- 
s i o n s .  Next, t h e  r i b s  o r  l ands  and o u t e r  w a l l  are depos i ted .  The s i z e  
and shape of t h e  l ands  and, t h e r e f o r e ,  of t h e  coo l ing  passages are 
e s t a b l i s h e d  by apply ing  a f i l l e r  material  over  t h e  e n t i r e  i n n e r  s h e l l  
and machining t h e  f i l l e r  t o  remove material  i n  t h e  areas where t h e  lands  
a r e  t o  b e  formed. The f i l l e r  i s  removed a f t e r  t h e  lands  are depos i ted ,  
and wax is  s u b s t i t u t e d  s o  t h e  o u t e r  s h e l l  can b e  depos i ted .  The wax i s  
then  removed, thus opening t h e  coo l ing  passages.  
The name Thermal Skin i s  app l i ed  t o  a sandwich w a l l  c o n s t r u c t i o n  i n  
which coo lan t  passages are e tched  by photoengraving i n t o  t h e  mating 
f aces  of two f l a t  p l a t e s .  Figure 2 summarizes t h e  s t e p s  f o r  a s m a l l  
f luor ine /hydrogen  chamber t h a t  w a s  cons t ruc t ed  and t e s t - f i r e d  indepen- 
d e n t l y  by P r a t t  & Whitney A i r c r a f t  t o  demonstrate  t h e  f e a s i b i l i t y  of 
t h e  concept .  The f l a t  p l a t e s  are mated by b raz ing  o r  d i f f u s i o n  bonding 
t o  provide  a l o n g i t u d i n a l  t h r u s t  chamber segment o r  stave. A number of 
staves are then  formed t o  t h e  d e s i r e d  contour ,  trimmed, and welded 
t o g e t h e r  t o  form t h e  t h r u s t  chamber. 
Bonded Plates on Mandrel 
Completed Stave 
Figure  2 .  Thermal Skin Thrus t  Chamber 
F a b r i c a t i o n  
GS 6353B 
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Figure  3 i l l u s t r a t e s  t h e  important  passage dimensions f o r  channel 
t ype  c o n s t r u c t i o n .  Thermal Skin and e l e c t r o d e p o s i t e d  chambers each have 
dimensional l i m i t a t i o n s  and materials requirements which are p e c u l i a r  
t o  t h e  method of c o n s t r u c t i o n .  The advantages and disadvantages of t h e  
two methods are g r e a t l y  dependent upon t h e  s t a t e -o f - the -a r t  of t h e  
va r ious  f a b r i c a t i o n  processes  employed; however, based on c u r r e n t  
technology, t h e  fol lowing conclusions may be made: 
1. E l e c t r o d e p o s i t i o n  i s  l i m i t e d  t o  pure metals, i .e. ,  a l l o y s  cannot 
be depos i t ed .  With Thermal Skin, any metals t h a t  can be etched 
and brazed,  o r  d i f f u s i o n  bonded may b e  u t i l i z e d .  
2.  Photoetching provides  g r e a t e r  f l e x i b i l i t y  f o r  v a r i a t i o n s  i n  
passage wid th ,  land width,  and passage branching.  V a r i a t i o n s  i n  
passage depth are more r e a d i l y  achieved wi th  e l e c t r o d e p o s i t i o n .  
3 .  A high passage depth-to-width r a t i o  i s  d e s i r a b l e  f o r  minimizing 
t h e  coolant  p r e s s u r e  drop. With Thermal Skin, a maximum depth- 
to-width r a t i o  of 2.0 i s  p o s s i b l e  wi th  e x i s t i n g  technology, 
w h i l e  r a t i o s  of 3.0 o r  more are p o s s i b l e  with moderate develop- 
ment. Depth-to-width r a t l o s  up t o  3.0 t o  5.0, depending on 
passage width,  are c u r r e n t l y  f e a s i b l e  w i t h  e l e c t r o d e p o s i t i o n .  
4 .  Minimum land width and w a l l  t h i ckness  are approximately t h e  same 
f o r  t h e  two f a b r i c a t i o n  methods. 
5. The f a b r i c a t i o n  cos t  would b e  approximately t h e  same f o r  i nd iv id -  
u a l  t h r u s t  chambers f a b r i c a t e d  by t h e  two methods; however, 
q u a n t i t y  product ion would f avor  Thermal Skin. < /r"," Exchanger 
R 
FD 23395 
2: 
Figure 3. Cross Sec t ion  of Typical  Nontubular 
Wall S t r u c t u r e  
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I n  summary, a h ighe r  depth-to-width r a t i o  w a s  found t o  be  t h e  only 
s i g n i f i c a n t  advantage of e l e c t r o d e p o s i t i o n  f o r  t h i s  a p p l i c a t i o n .  On t h e  
o t h e r  hand, Thermal Skin o f f e r e d  several important  advantages.  I n i t i a l  
ana lyses  i n d i c a t e d  t h a t  t h e  depth-to-width r a t i o s  ach ievab le  wi th  Thermal 
Skin  provided accep tab le  t h r u s t  chamber coolan t  p r e s s u r e  drops ; conse- 
quen t ly ,  t h e  p re l imina ry  r e g e n e r a t i v e  coo l ing  a n a l y s i s  w a s  based upon 
t h e  use of  Thermal Skin cons t ruc t ion .  Th i s  choice  w a s  c o n t i n u a l l y  
reviewed dur ing  t h e  Task I s t u d i e s ,  and t h e  p o s s i b i l i t y  of an e l e c t r o -  
depos i ted  t h r u s t  chamber w a s  a l s o  cons idered  i n  t h e  Task I1 pre l imina ry  
des ign .  I n  most ca ses ,  t h e  j a c k e t  p re s su re  drop encountered would not  
be  g r e a t l y  a f f e c t e d  by t h e  choice  o f  f a b r i c a t i o n  nethod;  consequent ly  
t h e  conclus ions  from t h e  h e a t  t r a n s f e r  and cyc le  ana lyses  a r e  v a l i d  f o r  
e lec t roformed a s  w e l l  a s  Thermal Skin  t h r u s t  chambers. 
Case I 
(0.025 Cm) 
Hot S ide  Wall Thickness 0.010 i n .  
Maximum Passage Depth/Width Ra t io ,  d/w 3.0 
Minimum Land Width, S 0.015 i n .  
Technology Required Moderate 
(0.038 cm) 
Development 
2. Dimensional Requirements 
Case I1 
0.020 i n .  
(0.051 cm) 
2.0 
0.025 i n .  
(0 .064 cm) 
Current  
The assumed coolant  passage dimension l i m i t s  f o r  t h r u s t  chamber 
f a b r i c a t i o n  are summarized i n  t a b l e  111. Case I i s  considered t o  be  
ach ievab le  wi th  moderate development of engraving techniques wh i l e  
Case I1 i s  more c o n s i s t e n t  wi th  c u r r e n t  manufacturing technology. 
For a l l  of t h e  p re l imina ry  r e g e n e r a t i v e  coo l ing  ana lyses ,  t h e  
chamber c o n t r a c t i o n  r a t i o ,  f w a s  f i x e d  a t  4.0 and t h e  c h a r a c t e r i s t i c  
l eng th ,  L;k, w a s  set a t  30 i n .  (76.20 cm). These. va lues  were s e l e c t e d  on 
t h e  b a s i s  of s t u d i e s  conducted under t h e  Contract  NAS3-11190 Space 
S to rab le  Regenerat ive Cooling I n v e s t i g a t i o n  (References 5 and 6)  and 
wi thout  t h e  b e n e f i t  of exper imenta l  d a t a  t h a t  la ter  became a v a i l a b l e .  
A s  d i scussed  i n  Paragraph D ,  t h e  va lues  s e l e c t e d  f o r  t h e  l a t e r  and more 
d e t a i l e d  s tudy  under Task I and f o r  t h e  Task 11, Engine Pre l iminary  
Design Evalua t ion ,  were equal  t o  o r  h ighe r  t han  t h e  va lues  used f o r  t h e  
p re l imina ry  a n a l y s i s .  
e’ 
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3 .  Calculated Results 
For both sets of assumed dimensional limits (Case I and II), cal- 
culations were made for two inlet-pressure-to-chamber-pressure ratios, 
Pin/Pc. 
such as a gas generator engine, while a P 
closed cycles, such as the expander cycle. Assuming single pass, coun- 
terflow cooling, coolant temperature rise and pressure drop were cal- 
culated for the extremes o f  mixture ratio (4.75 and 5.75) at each of 
the three heat flux levels (%/Q 
deposition). 
generated for 24 cases, and expansion ratios of 4 0 ,  60, and 100 were 
considered for each case. 
Q,/Qp = 0.9, r = 5.75, and Ee = 100) is presented in figure 4 .  
plete set of 24 plots with curves for each of the three expansion ratios 
A value of P. /P of 1.5 was selected as typical of open cycles, in c 
/P in c of 3.0 was used to represent 
= 0.765, 0.90, and 1.0, or no carbon P 
Thus, curves of jacket AP and AT vs chamber pressure were 
A sample curve (for Case 11, Pin/Pc = 3 . 0 ,  
A com- 
is included in Appendix A. 
Figure 4 .  Flox/Methane 5000-lb ( 2 2 . 2 4  kN) DF 
Coolant Temperature Rise and 
Pressure Loss - Case I1 
70822 
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To determine t h e  h e a t  t r a n s f e r  requirements f o r  any combination of 
i n t e rmed ia t e  design cond i t ions ,  a method was formulated t o  i n t e r p o l a t e  
t h e  coo lan t  temperature  r ise and p r e s s u r e  drop us ing  t h e  parametr ic  d a t a  
of curves i n  f i g u r e s  A-1 through A-24 of Appendix A .  Thus, a d e t a i l e d  
c a l c u l a t i o n  was  not  r equ i r ed  f o r  each cycle-design po in t  combination of 
i n t e r e s t .  The f a c t  t h a t  t h e  gene ra l  shape of t h e  AP and AT ve r sus  P 
curves  i s  r e t a i n e d  f o r  a l l  combinations of o p e r a t i n g  v a r i a b l e s  i n d i c a t e s  
t h a t  t h e  in f luence  of one v a r i a b l e  on AP o r  A T  i s  r e l a t i v e l y  indepen- 
dent of t h e  o t h e r  v a r i a b l e s .  Therefore ,  t h e  e n t i r e  range of i n t e r e s t  
f o r  t h e  f i v e  o p e r a t i n g  v a r i a b l e s  considered could be evaluated para-  
m e t r i c a l l y  us ing  one c o r r e c t i o n  curve f o r  each v a r i a b l e ,  o r  f i v e  s e t s  of 
curves .  F igu re  4 was used as a r e fe rence  p l o t  of AP and AT ve r sus  P and 
C Y  
i n f luence  curves were cons t ruc t ed  t o  provide c o r r e c t i o n  f a c t o r s ,  b y  over 
t h e  range of i n t e r e s t  f o r  Q / Q  Pin/Pc, r ,  and f e .  The in f luence  
curves are presented i n  f i g u r e s  5 through 9. The r e f e r e n c e  AP and AT 
vs  P p l o t ,  f i g u r e  5 ,  i s  f o r  t h e  base  p o i n t  r e f e r e n c e  va lues :  
C 
m P )  
C 
QJQ, = 0 . 9 0  
= 3.0 ’in’’ c 
r = 5.75  
c: = 100 e 
To f a c i l i t a t e  t h e  s tudy ,  t h e  c o r r e c t i o n  f a c t o r s  of f i g u r e s  6 through 9 
necessary t o  f i n d  t h e  coolant  A P  and A T  f o r  o t h e r  va lues  of Qm/Qp 
P .  /Pc, r ,  and c: 
computer. With t h e  programs, r a p i d  c a l c u l a t i o n  of a l a r g e  number of 
d a t a  p o i n t s  was  r e a d i l y  accomplished. 
were programed as continuous f u n c t i m s  f o r  a d i g i t a l  i n  e 
4 .  Eva lua t ion  of P re l imina ry  Cooling Analysis 
Resu l t s  f o r  t h e  Case I assumptions of dimensional l i m i t a t i o n s  i n d i -  
ca t ed  t h a t  r e g e n e r a t i v e  coo l ing  was f e a s i b l e  f o r  t h e  e n t i r e  range of a l l  
of t h e  o p e r a t i n g  v a r i a b l e s  considered.  Furthermore, only i f  Q /Q ex- 
ceeded 0.90 d i d  t h e  chamber p r e s s u r e  drop become h igh  enough t o  have a 
s i g n i f i c a n t  i n f luence  on engine cyc le  c o n s i d e r a t i o n s .  Even f o r  h igh  
Qm/Q, v a l u e s ,  high p r e s s u r e  drop became a problem only a t  t h e  most s eve re  
coo l ing  c o n d i t i o n s ,  i . e . ,  maximum chamber p r e s s u r e  and low P /P. . 
m P  
i n  c 
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Figure 5.  Chamber P res su re  I n f l u e n c e  DF 70825 
20 
Figure 6.  Heat Flux Ra t io  In f luence  DF 70826 
21  
Figure 7. Inlet Pressure/Chamber Pressure DF 70827 
Influence 
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Figure 8. Mixture Ratio In f luence  DF 70790 
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F i g u r e  9 .  Expans ion  R a t i o  I n f l u e n c e  D F  70792 
24 
For the more conservative Thermal Skin channel design limitations of 
Case 11, the cooling requirements were more significant. As shown in 
figure 4 ,  the jacket pressure drop for Case I1 is approximately double 
that for Case I at 1000-psia (689.5-N/cm 1 chamber pressure. This in- 
creased pressure drop restricts high pressure cycle operation; in expan- 
der cycles it makes a power balance more difficult to achieve, and it 
appreciably increases performance losses in open cycles. A s  a result, 
chamber pressures above 800 to 900 psia (551.6 to 620.5 N/cm ) appear 
impractical with current chamber fabrication limitations. 
2 
2 
The aforementioned considerations formed the basis for selection of 
two design points, discussed early in paragraph C. However, the infor- 
mation generated permits several other significant conclusions to be 
drawn: 
1. While the differences in channel geometry between Case I 
and Case I1 have a significant effect on jacket A P ,  they 
have little effect on A T .  
Qm/Qp and P. /P have sizable effects on coolant jacket 
pressure drop, while and r have much less influence 
(figures 6 through 9). 
2. in c 
e 
3 .  The differences in the channel geometries for Case I and 
Case I1 produce no significant difference in the influence 
of Qm/Qp, Pin/Pc, r, and e 
through 8). 
Qm/Qp and r have the most significant effects on jacket 
in 
on jacket A P  (figures 5 
4 .  
A T  while variations in P 
C. TURBOPUMP DRIVE CYCLE ANALYSIS 
/Pc have practically no effect. 
1. Design Point Selection 
The primary objective of the Turbopump Drive Cycle Analysis was the 
selection of two-cycle-turbopump configuration combinations at each of 
two selected design points. 
on the basis of cooling limitations established in the Preliminary Re- 
generative Cooling Analysis described above. It was felt that the most 
realistic approach would be to rely on the results for the more conser- 
The two design points were selected largely 
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v a t i v e  f a b r i c a t i o n  l i m i t  assumptions (Case 11). I n  a d d i t i o n ,  t h e r e  w e r e  
several b a s i c  cyc le  cons ide ra t ions  which a l s o  cont r ibu ted ,  including:  
1. U s e  of t h e  Case I1 Thermal Skin f a b r i c a t i o n  l i m i t a t i o n s  
made i t  d i f f i c u l t  t o  balance t h e  expander cyc le  above 
800 t o  900 p s i a  (551.6 t o  620.5 N / c m  ). 2 
2.  A s  chamber p r e s s u r e ' i s  increased ,  t he  gas genera tor  cyc le  
and o the r  open cyc le s  show no performance improvements above 
approximately 800 p s i a  (551.6 N/cm ) based on a f ixed  
nozzle  ex i t  diameter.  (Based on a f ixed  nozz le  expansion 
r a t i o ,  gas genera tor  cyc le  performance peaks a t  approxi-  
mately 300 p s i a  o r  206.8 N / c m  .) 
2 
2 
3 .  Experimental  d a t a  from previous programs ind ica t ed  t h a t  t h e  
mixture  r a t i o  f o r  maximum de l ive red  performance would be 
somewhat lower than  t h e  t h e o r e t i c a l  peak performance mix- 
t u r e  r a t i o .  Lower mixture  r a t i o s  a l s o  s impl i fy  cool ing  
requirements.  
For the  most d i r e c t  comparison o f  t he  two des ign  p o i n t s ,  i t  
w a s  d e s i r a b l e  t h a t  both des ign  po in t s  f i t  w i t h i n  t h e  same 
engine envelope. 
4. 
Design 
Poin t  
On t h e  b a s i s  of a l l  cons ide ra t ions ,  t h e  two des ign  p o i n t s  l i s t e d  i n  
t a b l e  I V  were recommended t o  and approved by t h e  NASA-LeRC P r o j e c t  Mana- 
g e r .  The des ign  p o i n t s  provided a n e a r l y  i d e n t i c a l  envelope s o  t h a t  
r e s u l t s  would al low d i r e c t  eva lua t ion  of t h e  t r a d e o f f s  between pe r fo r -  
mance and development d i f f i c u l t y  and f l e x i b i l i t y .  
Vacuum Chamber Nozzle Oxidizer  t o  
Thrust  P res su re  . Expansion Rat io  Fuel  Rat io  
Table I V .  Design Po in t s  f o r  Task 1 
1 5000 l b  800 p s i a  100 
(22.24kN) ' (551.6 N / c m  ) 
2 5000 l b  500 p s i a  60 
(22.24 kN) (344.7 N / c m  ) 
5*25  I 
5 '25  I 
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2 .  Cycle Descr ip t ion  
a .  C l a s s i f i c a t i o n  of Cycles 
Rocket engine cyc le s  may be ca tegor ized  according t o  t h e  source of 
t h e  t u r b i n e  working f l u i d  ( e . g . ,  gas gene ra to r ,  r egene ra t ive  cool ing  
j a c k e t ,  e t c . ) ,  o r  by t h e  manner i n  which t h e  working f l u i d  i s  u t i l i z e d  
a f t e r  i t  passes  through t h e  t u r b i n e .  I n  t h e  l a t t e r  ins tance ,  t h e r e  are 
two p o s s i b i l i t i e s :  (1) t h e  t u r b i n e  working f l u i d  i s  re turned  t o  t h e  
combustion chamber a f t e r  f lowing through t h e  t u r b i n e  and i s  expanded 
through t h e  main t h r u s t  chamber and exhaust nozzle  t o  make e f f i c i e n t  use 
of i t s  energy; o r ,  (2)  t h e  working f l u i d  leaving t h e  t u r b i n e  i s  discharged 
overboard o r  expanded a t  a p res su re  r a t i o  lower than  t h a t  of t h e  primary 
combustion products ,  thus  a t  lower performance l e v e l s .  Cycles of t he  
f i r s t  type  are i d e n t i f i e d  as closed cyc le s ,  while  those  of t he  second 
type  are r e f e r r e d  t o  as open cyc le s .  I n  gene ra l ,  c losed  cyc les  produce 
h ighe r  s p e c i f i c  impulse but  r e q u i r e  h ighe r  pump d ischarge  pressures  f o r  
t he  working f l u i d  than  do open cyc les  a t  t h e  same p res su re  l e v e l .  Ear ly  
rocket  engines  u t i l i z e d  open cyc les  almost exc lus ive ly .  A s  turbomachin- 
e r y  technology has  advanced and .engine performance requirements have 
become more s t r i n g e n t ,  c losed  cyc les  have received increased  considera-  
t i o n  and g r e a t e r  use .  Appl ica t ion  of c losed  cyc les  should be f u r t h e r  
s t imula ted  by a long-term t r end  toward increased  engine chamber p re s su re ,  
because open cyc le  performance lo s ses  inc rease  with increases  i n  requi red  
pump power. 
Table V c l a s s i f i e s  t h e  rocke t  engine cyc le s  of i n t e r e s t  t o  t h e  pro- 
posed program by t h e  ca t egor i e s  discussed:  
Table  V.  Ca tegor iza t ion  of Rocket Engine Cycles 
Working Flu id  Source 
Thrust  Chamber Cooling 
Jacke t  
Cycle 
Open Closed 
Aux i l i a ry  H e a t  Expander 
Exchanger o r  Fuel 
Tapoff 
Gas Generat o r  
Main Combustion Chamber 
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Gas Generator Staged Combustion 
Tapoff 
In addition to the five cycles listed in table V, a composite expan- 
der cycle, which is neither completely open or closed, was found to have 
certain potential advantages and was, therefore, given consideration in 
the study. Brief descriptions and illustrative schematics for the six 
cycles are included in the paragraphs b through g. 
b. Gas Generator Cycle 
A typical gas generator cycle, shown schematically in figure 10,Jc 
depicts the most usual arrangement wherein the fuel and oxidizer for 
the gas generator are extracted from the main propellant flow at the 
pump discharge. In upper-stage engines operating at very low ambient 
pressures it might be possible to supply the gas generator with propel- 
lants at nominal tank pressure. Such an approach would simplify start- 
ing by eliminating the need for a separate starting propellant supply, 
but it generally results in a requirement for excessively large turbines. 
Figure 10. Propellant Flow Schematic for Gas FD 24234 
Generator Cycle 
Jc Separate parallel turbines are shown in figure 10, and the illustrative 
schematics for other cycles in the interest of consistency of presenta- 
tion; however, there are other options for the turbopump arrangement 
which are discussed later in paragraph h, 
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Sol id  p rope l l an t  charges and decomposed monopropellants have been 
How- employed t o  d r i v e  t h e  turbopumps i n  gas  gene ra to r  type  systems. 
eve r ,  t h e  use  of a t h i r d  p rope l l an t  i n  deep space mission propuls ion  
systems i s  ob jec t ionab le  because of t h e  complexity of t h e  added system, 
and t h e  s o l i d  p rope l l an t  approach i s  n o t  adaptab le  t o  unl imited restart 
c a p a b i l i t y .  Therefore ,  ope ra t ion  wi th  a b ip rope l l an t  gas genera tor  
us ing  p rope l l an t s  from t h e  main p r o p e l l a n t  supply system was considered 
exc lus ive ly .  
combination by t h e  h y p e r g o l i c i t y  of t h e  p r o p e l l a n t s .  
Gas gene ra to r  ope ra t ion  i s  s i m p l i f i e d  f o r  t h e  floximethane 
The gas gene ra to r  cyc le  i s  capable  of providing very  h igh  chamber 
p re s su re .  
chamber i s  lower than  i n  c losed  cyc le s ,  and h igh  p res su re  r a t i o  t u r b i n e s  
t h a t  a l low near  maximum energy e x t r a c t i o n  from t h e  t u r b i n e  working f l u i d  
are t y p i c a l .  However, any chamber p re s su re  advantage must be analyzed 
r e l a t i v e  t o  de l ive red  performance because t h e  gas  gene ra to r  f lowra te  
degrades s p e c i f i c  impulse.  (The s p e c i f i c  impulse loss  i s  s l i g h t l y  . o f f s e t  .- 
I by t h e  energy input  t o  t h e  p r o p e l l a n t s  by t h e  turbopump, but t h i s  e f f e c t  
Losses can be reduced through t h e  use  of an  expansion nozz le  
System p res su re  drop between t h e  pump d ischarge  and t h e  t h r u s t  
i s  sma l l ) .  
downstream of the  t u r b i n e ,  o r  by duc t ing  t h e  t u r b i n e  d ischarge  i n t o  t h e  
main chamber nozz le .  
c .  Tapoff Cycle 
The primary d i f f e r e n c e  between t h e  tapoff  cyc le  ( f i g u r e  11) and t h e  
gas gene ra to r  cyc le  i s  t h e  e l imina t ion  of t h e  gas gene ra to r .  In s t ead  
of a s e p a r a t e  combustor t o  supply t h e  t u r b i n e  working f l u i d ,  hoc gases  
are b led  from t h e  main combustion chamber, t y p i c a l l y  near  t h e  i n j e c t o r  
face, i n  an  area where t h e  in jec tor - induced  mixture  r a t i o  p r o f i l e  pro- 
v ides  a supply of gases  a t  a temperature  c o n s i s t e n t  wi th  t u r b i n e  material 
l i m i t a t i o n s .  The primary advantage of  t h e  t apof f  cyc le  i s  t h e  el imina-  
t i o n  of t h e  weight and complexity of a s e p a r a t e  combustor. This  advan- 
tage may be p a r t i a l l y ,  if not  completely,  o f f s e t  by the  d i f f i c u l t y  of 
e s t a b l i s h i n g  an acceptab le  i n j e c t o r  mixture  r a t i o  p r o f i l e  over t he  
e n t i r e  range of  ope ra t ing  condi t ions .  
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Figure 11. Propellant Flow Schematic for 
Chamber Tap0 f f Cycle 
FD 24235 
d. Auxiliary Heat Exchanger Cycle 
The auxiliary heat exchanger cycle shown in figure 12 is similar to 
the gas generator system but uses one of the propellants, rather than 
combustion products, to drive the turbine. It has essentially the same 
advantages as the gas generator system, while providing a cleaner, less 
corrosive turbine working fluid. 
bination the working fluid would be methane. The energy level of the 
fuel is increased in a heat exchanger that might consist of part or all 
of the regeneratively cooled thrust chamber jacket or might be a sepa- 
rate heat exchanger within the combustion chamber, or a combination of 
both. When the entire thrust chamber is used as the heat exchanger, 
the cycle is usually referred to as the fuel tapoff cycle. When a sepa- 
rate heat exchanger is used, it is sized to provide a discharge tempera- 
ture which must be a compromise between material requirements and cycle 
performance loss. 
For the flox/methane propellant com- 
e. Expander Cycle 
The expander cycle, shown schematically in figure 13, is basically 
a modified Brayton cycle. The working fluid, usually the fuel, is 
pressurized by the fuel pump, passed through the thrust chamber jacket 
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where i t  p icks  up energy i n  providing cool ing ,  and i s  then  expanded 
through a t u r b i n e  t o  d r i v e  t h e  p rope l l an t  pumps. All of t h e  f u e l  i s  
then  i n j e c t e d  i n t o  t h e  t h r u s t  chamber. 
Figure 1 2 .  Open Auxi l ia ry  Heat Exchanger 
Cycle 
FD 242338 
Figure 13. P rope l l an t  Flow Schematic f o r  
Expander Cycle 
FD 24230 
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The R L l O  oxygen/hydrogen engine i s  an expander cyc le  engine.  
f u e l  e n t e r s  t h e  cool ing  j acke t  at cryogenic temperatures  and super-  
c r i t i ca l  pressure ,  and t h e  temperature i s  increased  above c r i t i c a l  
during passage through t h e  j a c k e t .  Hydrogen i s  an e x c e l l e n t  f l u i d  f o r  
t h i s  a p p l i c a t i o n ,  but  t h e  phys ica l  and thermodynamic p r o p e r t i e s  of 
methane a l s o  make it  i d e a l l y  s u i t e d  f o r  an expander cyc le .  The c r i t i c a l  
2 pres su re  is  low enough t o  be r e a d i l y  maintained (673 p s i a ;  464.7 N / c m  ) 
thereby prevent ing b o i l i n g  i n  t h e  j a c k e t ,  and the  c r i t i c a l  temperature 
(343OR; 190.6"K) is  low enough t o  a s su re  100% q u a l i t y  throughout t h e  
t u r b i n e  even i f  t u r b i n e  e x i t  condi t ions  are below t h e  c r i t i c a l  p re s su re ,  
I ts  
General ly ,  90 t o  95% of t h e  f u e l  i s  ducted through t h e  t u r b i n e  i n  
an  expander cyc le  t o  provide t h e  requi red  turbopump power. 
f low of 5 t o  10% of t h e  t o t a l  i s  considered necessary  t o  provide con- 
t r o l  margin and a s s u r e  adequate cyc le  power. The bypass flow i s  mixed 
wi th  t h e  tu rb ine  d ischarge  f l o w  upstream of  the  i n j e c t o r .  I n  t h i s  type 
of system, c o n t r o l l i n g  t h e  t u r b i n e  bypass flow i s  a convenient and 
r e l a t i v e l y  simple method t o  maintain a cons tan t  t h r u s t  l e v e l  while com- 
pensa t ing  f o r  p rope l l an t  i n l e t  condi t ions  and engine-to-engine v a r i a -  
t ions .  
A bypass 
The primary advantage of t h e  expander cyc le  i s  t h a t  a l l  of t h e  pro- 
p e l l a n t s  are burned i n  t h e  main t h r u s t  chamber and expanded with h igh  
e f f i c i e n c y  t o  achieve  maximum engine performance. 
mixture  r a t i o  are as e a s i l y  con t ro l l ed  as i n  t h e  open cyc le ,  and because 
t h e  expander cyc le  rocket  engine does not  r e q u i r e  a sepa ra t e  combustion 
chamber o r  c o n t r o l  t o  main ta in  t h e  proper  mixture  r a t i o  o r  gas tempera- 
t u r e  e n t e r i n g  the  tu rb ine ,  i t  is  less complex than  t h e  gas genera tor  
cyc le  i n  many r e s p e c t s .  
Chamber p re s su re  and 
The performance and s i m p l i c i t y  advantages of t h e  expander cyc le  
must be weighed aga ins t  i t s  f u e l  turbomachinery requirements,  which are 
more s t r i n g e n t  than  those  of open cyc le s  because of t h e  added t u r b i n e  
p re s su re  l o s s  i n  t h e  f u e l  c i r c u i t s .  I n  a d d i t i o n ,  t h e  expander cyc le  
i s  sub jec t  t o  maximum chamber p re s su re  l i m i t s .  A s  chamber p re s su re  in-  
creases, t h e  turbopump power requirements and t h e  a v a i l a b l e  t u r b i n e  
power inc rease  a t  d i f f e r e n t  rates. Ul t imate ly ,  t h e  requi red  power in-  
creases more r a p i d l y  u n t i l  a chamber p re s su re  l i m i t  i s  reached. 
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f .  Staged-Combustion Cycle 
The staged-combustion cyc le  f u e l  f lowpath,  shown schemat ica l ly  i n  
f i g u r e  14, i s  s i m i l a r  t o  t h a t  of t h e  expander cyc le  up t o  t h e  h e a t  ex- 
changer ex i t .  A t  t h i s  p o i n t ,  p a r t  o r  a l l  of  t he  f u e l  i s  i n j e c t e d  i n t o  
t h e  preburner  and i g n i t e s  with a s m a l l  percentage of t h e  o x i d i z e r  flow 
t o  provide a high-temperature ,  low mixture  r a t i o  working f l u i d  t o  t h e  
t u r b i n e .  Turbine d ischarge  f low i s  then  i n j e c t e d  d i r e c t l y  i n t o  t h e  main 
combustion chamber, where i t  r e a c t s  wi th  t h e  remaining o x i d i z e r  (and 
f u e l ) .  
s u r e  must be cons iderably  h ighe r  t han  f o r  o t h e r  cyc le s  because a po r t ion  
of t h e  o x i d i z e r  flow must pass  through t h e  preburner  and t u r b i n e  before  
i n j e c t i o n  i n t o  t h e  m a i n  chamber. Because most of t h e  o x i d i z e r  flow by- 
passes  t h e  preburner ,  i t  might be p o s s i b l e  wi th  a two-stage o x i d i z e r  
pump t o  withdraw t h e  main chamber flow a f t e r  t h e  f i r s t  s t a g e  t o  reduce 
pump power requirements ,  but  t h i s  must be eva lua ted  f o r  s p e c i f i c  cases. 
For a given chamber p re s su re ,  t h e  o x i d i z e r  pump d ischarge  pres -  
The staged-combustion cyc le  o f f e r s  t he  same high  performance as t h e  
expander cyc le ,  but  i s  not  as power l imi t ed  because t h e  t u r b i n e  i n l e t  
temperature i s  not  l imi t ed  t o  j acke t  coolant  d i scharge  temperature .  
Thus, h ighe r  chamber p re s su res  are a t t a i n a b l e ,  providing performance 
exceeding t h a t  of any open cyc le  while o f f e r i n g  a competi t ive package 
s i z e .  
Figure 14. Prope l l an t  Flow Schematic f o r  
Staged Combustion Cycle 
FD 24231 
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The high s p e c i f i c  impulse and chamber p re s su re  of t h e  s taged-  
combustion cyc le  are obtained at t h e  c o s t  of increased  pump d ischarge  
p res su re  and h igh  l i n e  and h e a t  exchanger i n t e r n a l  p re s su res ,  as well as 
t h e  n e c e s s i t y  f o r  us ing  h igh  temperature  combustion products  as t h e  
working f l u i d ,  As  a r e s u l t ,  t h e  preburner  cyc le  i s  gene ra l ly  h e a v i e r  
t han  o t h e r  cyc le s  f o r  a g iven  chamber p re s su re .  
g .  Composite Expander Cycle 
The s p e c i f i c  impulse l o s s e s  of  t he  a u x i l i a r y  h e a t  exchanger system 
can be minimized and t h e  p re s su re  l i m i t s  of t h e  expander cyc le  can be 
extended through use  of a cyc le  u t i l i z i n g  a two-stage t u r b i n e  i n  t h e  
manner shown i n  f i g u r e  15. The t o t a l  f u e l  flow i s  routed from t h e  
cool ing  j acke t  and expanded through a subsonic  t u r b i n e  s t a g e ,  as with 
t h e  expander cyc le .  The major p o r t i o n  of t h e  f u e l  i s  then  routed t o  t h e  
i n j e c t o r ,  and t h e  remainder i s  expanded through a supersonic  t u r b i n e  
s t a g e  and discharged overboard through a secondary nozz le .  The advan- 
t ages  of t he  "composite1' cyc le  are (1) t h e  energy der ived  from chamber 
cool ing  is u t i l i z e d  t o  provide much of t h e  power requi red  t o  d r i v e  t h e  
pumps (as i n  an  expander c y c l e ) ,  t h e r e f o r e ,  performance l o s s e s  a s soc ia t ed  
with p rope l l an t  u se  f o r  t u r b i n e  d r i v e  are minimized; and, (2)  t h e  pres -  
s u r e  l i m i t s  and v e r s a t i l i t y  f o r  of f -des ign  ope ra t ion  are extended beyond 
convent ional  expander cyc le  l i m i t s .  Thus, t h i s  cyc le  i s  p a r t i c u l a r l y  
w e l l  s u i t e d  where c losed  cyc le  power requirements are marginal ,  and i t s  
,f ormance can approach t h a t  of t h e  expander cyc le .  
Figure 15. Expander/Gas Generator Composite FD 24521 
Cycle 
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h .  Turbopump Arrangements 
The cyc le  schematics presented i n  f i g u r e s  10 through 15 show a 
turbopump arrangement wi th  two p a r a l l e l  t u r b i n e s ;  however, t h e r e  a r e  
o t h e r  turbopump conf igu ra t ions  t o  be considered i n  opt imizing t h e  var ious  
cyc le s .  The p a r a l l e l  arrangement i s  compared wi th  t h r e e  o t h e r  conven- 
t i o n a l  turbopump arrangements i n  f i g u r e  1 6 ;  t hese  are sepa ra t e  series 
t u r b i n e s  d r i v i n g  t h e  f u e l  and ox id ize r  pumps, a s i n g l e  t u r b i n e  d r i v i n g  
both pumps d i r e c t l y  and a s i n g l e  t u r b i n e  d r iv ing  both pumps, but with 
one dr iven  through a gearbox. P a r a l l e l  independent d r i v e  tu rb ines  per-  
m i t  both f u e l  and o x i d i z e r  flowpaths and turbopump speeds t o  be o p t i -  
mized independently,  and i n  a p p l i c a t i o n s  where t u r b i n e  p re s su re  r a t i o s  
should be minimized, t h i s  scheme is  advantageous. However, i n  low 
t h r u s t  a p p l i c a t i o n s  where t h e  requi red  t u r b i n e  f lowra te  i s  low (as i n  
t h i s  s tudy) ,  s m a l l  t u r b i n e  admission areas can l i m i t  component e f f i c i e n c y .  
Parallel Turbines Series Turbines 
Single Shaft Geared Pump 
Figure 16 .  Turbopump Arrangements FD 242378 
Independent f u e l  and ox id ize r  turbopump matching i s  poss ib l e  with 
dual  series as w e l l  as dua l  p a r a l l e l  t u r b i n e s .  Because of s y s t e m  i n t e r -  
a c t i o n s  t h e  series arrangement p re sen t s  more complicated con t ro l  requi re -  
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ments, but the flow through each turbine is maximized, hence admission 
problems are less severe than for parallel turbines. The series arrange- 
ment is primarily applicable to open cycles, where turbine back pressure 
is low and the available total turbine pressure ratio is high. 
A single turbine driving both pumps directly is perhaps the simplest 
arrangement and permits weight savings. However, due to the reduction 
of flexibility through the fixing of all components on a common shaft, 
turbopump performance cannot fully be optimized to meet system demands. 
Use of  gearing permits a single turbine to drive both pumps at dif- 
ferent rotational speeds, but at a fixed speed ratio. The complexity 
of the engine system is greatly reduced through the use of a single 
turbine, but some operating flexibility is lost because of the fixed 
pump speed ratio. Under certain circumstances in high power transmission 
applications, gear design considerations may impose a speed limit affect- 
ing component efficiency or weight. Generally, in addition to the 
reduced complexity, the total engine weight (including the gearbox) can 
be less than that for a two-turbine arrangement. 
3 .  Component Analysis 
Before a valid comparison of the various cycle and turbopump arrange- 
ments could be made, it was necessary to conduct a preliminary study to 
optimize operating variables such as pump and turbine speed, turbine in- 
let pressure, etc. Critical variables were evaluated to establish their 
effect on cycle performance and turbopump efficiency, and operating 
limits were defined. In addition, the influence of speed on critical 
turbopump dimensions and on the oxidizer pump seal rubbing velocity was 
investigated to assure feasibility for mechanical design, Based on the 
results of this component analysis, near optimum cycle operating condi- 
tions were established to insure that each cycle was compared on a 
favorable basis. 
In evaluating pump performance, the familiar "Worthington" curve, 
which uses the similarity parameter, specific speed (N ), to relate effi- 
ciencies measured in pump tests was used. The flowrates and specific 
speeds in this study were beyond the range of available curves, so the 
extrapolated version shown in figure 17 was employed. The extrapola- 
tions were made mathematically using a digital computer program based 
S 
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on curve f i t s  f o r  t h e  a v a i l a b l e  information.  The f a c t  t h a t  t h e r e  i s  
l i t t l e ,  i f  any, d a t a  f o r  pumps of t h e  s i z e s  considered leads  t o  some 
ques t ion  as t o  t h e  accuracy of t h e  p r e d i c t i o n s ,  A s  discussed  l a t e r ,  
f a c t o r s  such as mechanical l o s s e s  r ep resen t  a g r e a t e r  propor t ion  of t h e  
t o t a l  power, and c learances  become more c r i t i c a l  i n  t h e  s m a l l  u n i t s .  
However, t h e  approach taken  w a s  f e l t  t o  provide reasonable  r e l a t i v e  
va lues  between cases. The abso lu te  l e v e l ,  which i s  d i f f i c u l t  t o  confirm, 
i s  of p a r t i c u l a r  i n t e r e s t  i n  t h e  case of c losed  cyc le s .  The expander 
cyc le  i s  somewhat l imi t ed  i n  a v a i l a b l e  turbopump power, and low turbo-  
machinery e f f i c i e n c i e s  might prevent  achievement of acceptab le  power 
balances.  
genera te  estimates of t h e  va r ious  elements of pump e f f i c i e n c y  f o r  t h e  
conf igu ra t ions  e s t a b l i s h e d ,  and t h e  o v e r a l l  e f f i c i e n c i e s  determined from 
t h e s e  va lues  ind ica t ed  t h a t  t h e  va lues  obta ined  from f i g u r e  1 7  were not  
ove r ly  o p t i m i s t i c .  
However, i n  Task I1 e x i s t i n g  des ign  systems were used t o  
"'1 NOTE: For Multistage Pumps with Equal Staging 
Divide Total Head bv Number of Stages 1 
SPECIFIC SPEED - Ns 
l? .P Q.5 Center of Rotation 
Centrifugal Mixed Axial- 
Flow Flow 
Figure 1 7 .  E f f i c i ency  of  a Cen t r i fuga l  Pump FD 23986A 
Stage a t  Design Poin t  
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a.  Oxid izer  Pump 
With t h e  except ion  of t h e  preburner  cyc le ,  t h e  ox id ize r  pump requi re -  
ments are similar f o r  a l l  cyc le s  considered i n  t h i s  s tudy.  The pump 
d ischarge  p res su re  i s  e s t a b l i s h e d  by t h e  chamber pressure  and t h e  in j ec -  
t o r  and c o n t r o l  va lve  p re s su re  l o s s e s .  The o x i d i z e r  pump f lowra te  f o r  
t h e  gas genera tor  and tapoff  cyc le s  i s  approximately 1.0% higher  than  
f o r  t h e  o t h e r  cyc le s  by t h e  amount of flow requi red  t o  d r i v e  t h e  t u r -  
b ine ,  but  t h e  e f f e c t s  of t h i s  d i f f e r e n c e  on t h e  phys ica l  c h a r a c t e r i s t i c s  
of t h e  pump are s m a l l  and w e r e  neglec ted .  Therefore ,  f o r  t h e  purposes 
of a n a l y s i s ,  t h e  same pump requirements were used a t  each des ign  poin t  
f o r  a l l  but t h e  preburner  cyc le .  The i n j e c t o r  p re s su re  l o s s  was s e t  a t  
25% of  chamber p re s su re  and t h e  des ign  poin t  con t ro l  va lve  pressure  lo s s  
w a s  assumed t o  be 50 p s i a  (34.47 N/cm ) ,  y i e l d i n g  t h e  following: 2 
The 
F 1 owr a t  e 
Design Poin t  1 
(800 p s i a ;  
53.0 gpm 
- 551.6 N / c m  ) 
(12.02 2 / s e c )  
- - 
Discharge Pressure  1050 p s i a  
(723.9 N/cm2) 
ox id ize r  pump c h a r a c t e r i s t i c s  f o r  each 
were evaluated over a speed range from 5000 t o  
Design Poin t  2 
(5Q9 ~ s i a ; ~  
344.7 N / c m  ) 
~ -- 
53.6 gpm 
(12.17 m3/sec) 
675 p s i a  
(465.4 N/cm2) 
of t h e  des ign  po in t s  
50,000 rpm (523.6 t o  
5236 r a d / s ) .  Figure 18 p resen t s  ca l cu la t ed  ox id ize r  pump e f f i c i e n c i e s  
vs speed f o r  both des ign  p o i n t s .  Corresponding impel ler  diameters  and 
b lade  h e i g h t s  are shown i n  f i g u r e s  1 9  and 20 f o r  blade t i p  angles  of 
22.5 and 90 deg (0.40 and 1.80 r a d ) ,  which are t h e  usua l ly  accepted 
extremes f o r  c e n t r i f u g a l  pumps. Maximum s u c t i o n  s p e c i f i c  speed was 
assumed a t  25,000. Suc t ion  s p e c i f i c  speeds of 30,000 t o  40,000 have 
been demonstrated i n  cryogenic pumps, and va lues  of 27,000 have been 
demonstrated i n  LF 
eve r ,  i n  view of t h e  s m a l l  phys ica l  s i z e  of t h e  pump, and t h e  f a c t  t h a t  
c o n t r a c t  s p e c i f i e d  requirements could be m e t  us ing  i t ,  the  25,000 l e v e l  
was s e l e c t e d ,  
t he  maximum i s  36.8 p s i a  (25.37 N/cm ) a t  50,000 rpm (5236 r a d / s ) .  
tes ts  of a modified RL10A3-3 ox id ize r  pump. How- 2 
Required pump i n l e t  p ressures  a r e  shown i n  f i g u r e  2 1 ;  
2 
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Figure 22 .  Var i a t ion  i n  Required Oxidizer  DF 71768 
Pump Seal Rubbing Veloc i ty  With 
Speed 
Shaf t  seal  rubbing v e l o c i t y  c a l c u l a t i o n s ,  f i g u r e  22, were based on 
dimensions a s soc ia t ed  wi th  a s o l i d  s h a f t  designed t o  t ransmi t  t h e  re- 
qui red  torque .  Rubbing v e l o c i t i e s  up t o  145 f t / s e c  (44.20 m/sec.)  have 
been demonstrated f o r  f l u o r i n e  compatible seal materials i n  tes ts  a t  
P r a t t  & Whitney A i r c r a f t  (Reference 8 ) .  However, t h i s  was accomplished 
with s e a l  assemblies  and loadings c o n s i s t e n t  with t h e  RLlO engine oxi-  
d i z e r  pump. By us ing  reduced loadings cons i s t en t  wi th  t h e  pump config-  
u r a t i o n ,  as w a s  done i n  t h e  Task I1 pre l iminary  design,  increases  i n  
v e l o c i t y  should be ob ta inab le  with e x i s t i n g . m a t e r i a l s  technology. A t  
t h i s  po in t  i n  t h e  program, t h e  loading could not  be e s t ab l i shed ,  but  
a l i m i t  of 180 t o  190 f t / s e c  (54.86 t o  57.91 m/sec) was e s t a b l i s h e d  as 
a reasonable  t a r g e t .  
The base  speed of 37,500 rpm (3927 r a d / s )  w a s  chosen f o r  cyc le  
comparison purposes a t  bo th  des ign  p o i n t s ,  s i n c e  t h e  knee po in t s  i n  the  
e f f i c i e n c y  vs  speed curves occurred a t  approximately t h i s  speed and t h e  
assumed seal rubbing v e l o c i t y  l i m i t  was being approached. The base 
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speed was h e l d  cons t an t ,  but t r a d e  f a c t o r s  w e r e  e s t a b l i s h e d  t o  de f ine  
t h e  e f f e c t  of o x i d i z e r  pump speed v a r i a t i o n s  on cyc le s .  
The r o t a t i o n a l  speeds considered r e s u l t e d  i n  bear ing DN's  t h a t  are 
6 r e l a t i v e l y  low (less than  10 ) which w a s  considered d e s i r a b l e  t o  permit 
a p p l i c a t i o n  of a r o l l i n g  element bear ing  ope ra t ing  i n  l i q u i d  f l o x .  
Flox-cooled bear ings  can be mounted forward of any s h a f t  seals s o  t h a t  
s h a f t  overhang can be minimized, thereby  reducing t h e  p o s s i b i l i t y  o r  
s e v e r i t y  of c r i t i c a l  speed problems. Minimal s h a f t  overhang a l s o  reduces 
r a d i a l  d e f l e c t i o n s  and p e r m i t s  t i g h t  c learances  t o  be maintained. This 
i s  p a r t i c u l a r l y  d e s i r a b l e  i n  view of t h e  s m a l l  impel le r  blade h e i g h t s  
and diameters  f o r  which c learances  must be optimized (as  must o t h e r  
pump f e a t u r e s )  t o  assu,re s a t i s f a c t o r y  performance. 
b .  Fue l  Pump 
(1) Open Cycles 
Fuel  pump requirements f o r  open cyc les  %are p red ic t ab le  with reason- 
a b l e  accuracy without ex tens ive  cyc le  a n a l y s i s .  The pump d ischarge  
p res su re  i s  e s t a b l i s h e d  by t h e  chamber p re s su re  and the  p re s su re  lo s ses  
i n  t h e  cool ing  j acke t  and t h e  i n j e c t o r .  For t h i s  s tudy,  t h e  f u e l  i n -  
j e c t o r  p re s su re  l o s s  was set t o  provide a fue l - to -ox id ize r  i n j e c t i o n  
momentum r a t i o  of 2,  and cool ing  j acke t  p re s su re  lo s s  r e s u l t s  were taken 
from t h e  pre l iminary  r egene ra t ive  cool ing  a n a l y s i s .  A s  i n  t h e  in s t ance  
of t h e  ox id ize r  pump, f lowra tes  vary s l i g h t l y  with t h e  d i f f e r e n t  cyc le s ,  
but t h e  e f f e c t s  on t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  pump are s m a l l  
enough t o  be n e g l i g i b l e .  
f o r  t h i s  i n i t i a l  eva lua t ion  were: 
The open cyc le  pump d ischarge  p res su res  used 
Design Poin t  1 Design Poin t  2 
(800 mia :  2 (500 p s i a :  
551.6 N/cm ) 344.7 N/cm 
F 1 owra t e 53.5 gpm 53.9 gpm 
(12.23 m3/sec) 3 (12.14 rn / s ec>  
Discharge P res su re  1220 p s i a  754 p s i a  
(84.12 N/cm2) (519.9 N/cm2) 
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The c h a r a c t e r i s t i c s  of two-stage c e n t r i f u g a l  pumps* f o r  the  two de- 
s i g n  po in t s  w e r e  eva lua ted  over  a speed range from 10,000 rpm t o  100,000 
rpm (1047 t o  10470 r a d / s ) .  Figure 23 shows the  ca l cu la t ed  f u e l  pump 
e f f i c i e n c i e s  vs speed. 
f o r  22.5 and 90-deg (0.3927 and 1.571 rad)  b lade  ang le s ,  a r e  shown 
i n  f igu res  24 and 25. 
suc t ion  s p e c i f i c  speed o f  25,000 a r e  shown i n  f i g u r e  26; 
w a s  27.2 p s i a  (12.34 N / c m  ) a t  100,000 rpm (10470 r ad / s ) .  
The impel le r  diameters  and blade he igh t s ,  aga in  
Required pump i n l e t  p ressures  ca l cu la t ed  a t  a 
the maximum 
2 
I 1 1 I I I 1 I , ,  
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k%'sd/s (thousands) 
Figure 23. Var i a t ion  i n  Fuel Pump Eff ic iency  DF 70834 
With Speed 
* One-stage pumps w e r e  not  considered because of t h e  reduced e f f i c i e n c y  
r e s u l t i n g  from t h e  halved s p e c i f i c  speed of one, as compared t o  two 
s t ages .  For t h e  f u e l  pump speeds of i n t e r e s t ,  t h i s  was p red ic t ed  t o  
amount t o  approximately 12 percentage p o i n t s  i n  e f f i c i e n c y .  
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Figure 26. Fuel Pump I n l e t  Pressure  Require- DF 70837 
ment f o r  25,000 Suct ion  S p e c i f i c  
Speed 
( 2 )  Closed Cycles 
For c losed  cyc le s ,  f u e l  pump d ischarge  p res su re  requirements a r e  
increased  over those  of open cyc les  so  t h a t  t h e  p re s su re  r a t i o  ac ross  
t h e  t u r b i n e  necessary t o  provide pump power can be a t t a i n e d .  
system i n t e r a c t i o n s ,  i t  was necessary t o  accomplish pre l iminary  cyc le  
c a l c u l a t i o n s  t o  e s t a b l i s h  t h e  necessary  l e v e l s .  For t h e  c a l c u l a t i o n s ,  
an ox id ize r  pump speed of  37,500 rpm (3927 r a d / s ) ,  t u rb ine  speed equal  
t o  f u e l  pump speed, and 10% excess  horsepower were assumed. These assump- 
t i o n s  are based on a s i n g l e  t u r b i n e  d r i v i n g  both pumps through a gear-  
box, The ox id ize r  speed was  based on t h e  maximum value  e s t a b l i s h e d  pre-  
v ious ly ,  and t h e  10% excess  power was based on t y p i c a l  margins allowed 
with expander cyc le  engines .  Expander cyc le  f u e l  pump e f f i c i e n c i e s  vs 
f u e l  pump speed a t  t h e  800-psia (551.6 N/cm ) des ign  po in t  a r e  shown 
i n  f i g u r e  27. It w i l l  be  noted t h a t  t h e  e f f i c i e n c y  i s  8% t o  15% lower 
than  f o r  t h e  open cyc le  pumps a t  t h e  same speed. This i s  because of t h e  
increased h e a d r i s e  and consequently lower s p e c i f i c  speed. Reasonable 
v a r i a t i o n s  i n  t h e  t u r b i n e  and o x i d i z e r  pump speeds were found t o  have 
only s m a l l  e f f e c t s  on f u e l  pump requirements .  The pump diameters  and 
Because of 
2 
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blade  h e i g h t s  are a l s o  shown i n  f i g u r e  27.  Diameters are l a r g e r  t han  
those  of open cyc le  f u e l  pumps because of t h e  a d d i t i o n a l  p re s su re  r ise  
requirements ,  and blade h e i g h t s  are correspondingly smaller. 
Figure 27.  Expander Cycle Fuel Pump Character-  DF 70838 
i s  t i c s  
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c .  Turbine 
(1) Open Cycles 
Open cyc le  t u r b i n e  e f f i c i e n c i e s  were inves t iga t ed  pa rame t r i ca l ly  
using the  method o u t l i n e d  by Balje i n  Reference 9 .  Sing le  s t a g e  t u r -  
b ines  with p re s su re  r a t i o s  of 3 t o  30 and two-stage tu rb ines  with pres-  
su re  r a t i o s  of 20 t o  30 were considered.  T i p  speed was l imi t ed  t o  
1700 f t / s e c  (518.2 m/sec) ,  a l e v e l  considered t o  be a reasonable  maxi- 
mum from the  s t r e s s  s t andpo in t ,  i n  a l l  cases .  
Two-stage tu rb ines  and tu rb ines  with p re s su re  r a t i o s  g r e a t e r  than  
20 produced l i t t l e  performance improvement r e l a t i v e  t o  increased design 
complexity;  consequently,  a s i n g l e  s t a g e  t u r b i n e  wi th  a p re s su re  r a t i o  
of 20 was t e n t a t i v e l y  s e l e c t e d  f o r  t he  cyc le  comparison. Turbine e f f i -  
c i enc ie s  f o r  a s i n g l e  t u r b i n e  ope ra t ing  a t  a p re s su re  r a t i o  of 20 and 
d r iv ing  both pumps through a gearbox a t  a cons tan t  t u r b i n e  r o t a t i o n a l  
speed o f  75,000 rpm (78540 r ad / s )  a r e  shown as  a func t ion  of t u rb ine  
i n l e t  p re s su re  i n  f i g u r e  28 f o r  t he  a u x i l i a r y  h e a t  exchanger cyc le  a t  
t h e  des ign  p o i n t s .  Turbine requirements f o r  t h e  o t h e r  open cyc les  are 
nea r ly  i d e n t i c a l  t o  those  of t h e  a u x i l i a r y  hea t  exchanger cyc le ,  and 
t h e r e f o r e  t h e  e f f e c t s  are s imilar .  A s  shown i n  f i g u r e  28, an inc rease  
i n  e f f i c i e n c y  occurs as t h e  t u r b i n e  i n l e t  p re s su re  i s  reduced. This  in -  
c rease  r e s u l t s  from t h e  lower t u r b i n e  exi t  dens i ty  and consequently i m -  
proved s p e c i f i c  speed c h a r a c t e r i s t i c s .  The t u r b i n e  diameter was l imi t ed  
by the  t i p  speed t o  5.2 i n .  (13.21 cm) f o r  75,000 rpm (78540 r a d / s ) .  
Resul t ing  b lade  he igh t s  and a r c s  of  admission a r e  shown i n  f i g u r e s  29 
and 30. The va lues  shown are not s i g n i f i c a n t l y  d i f f e r e n t  than those  of 
some p r e s e n t l y  ope ra t iona l  t u r b i n e s ;  t h e r e f o r e  des ign  problems should 
be minimal. 
Turbine e f f i c i e n c y  vs speed c h a r a c t e r i s t i c s  were i n v e s t i g a t e d  fo r  t he  
a u x i l i a r y  h e a t  exchanger cyc le  w i t h  the  r e s u l t s  shown i n  f i g u r e  31. 
This p l o t  was.prepared f o r  a cons tan t  t u r b i n e  i n l e t  p re s su re  of 300 p s i a  
o r  206.8 N / c m  (based upon cyc le  cons ide ra t ions ,  o v e r a l l  l o s s e s  are 
r e l a t i v e l y  i n s e n s i t i v e  t o  i n l e t  p re s su re ) ;  note  t h a t  t h e  tu rb ine  speed 
could be reduced t o  a s  low as  55,000 rpm (57600 r a d / s )  wi thout  i ncu r r ing  
a severe  e f f i c i e n c y  penal ty .  
2 
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Figure 28.  A u x i l i a r y  Heat Exchanger Turbine DF 70839 
E f f i c i e n c y  vs I n l e t  P r e s s u r e  
( S i n g l e  S t a g e  P a r t i a l  Admission 
Turbine)  
F igure  29 .  A u x i l i a r y  Heat Exchanger Turb ine  DF 70840 
Blade Height  vs I n l e t  P r e s s u r e  
( S i n g l e  S t a g e  P a r t i a l  Admission 
Tu r b i ne) 
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Figure 30. Aux i l i a ry  Heat Exchanger Turbine DF 70841 
Arc o f  Admission vs I n l e t  P res su re  
(S ingle  Stage P a r t i a l  Admission 
Turbine) 
Figure 31. Aux i l i a ry  Heat Exchanger Turbine DF 70842 
E f f i c i e n c y  vs Speed (S ingle  S tage  
P a r t i a l  Admission Turbine) 
49 
Design poin t  performance of t h e  a u x i l i a r y  h e a t  exchanger cyc le  was 
a l s o  es t imated  f o r  s e r i e s  and p a r a l l e l  t u r b i n e  conf igu ra t ions ,  aga in  
us ing  an ox id ize r - s ide  turbomachinery speed of  37,500 rpm (3927 r ad / s )  
and a fue l - s ide  turbomachinery speed of 75,000 rpm (7854 r a d / s ) .  
The fol lowing e f f i c i e n c i e s  were p red ic t ed :  
Turbine Ef f i c i ency  Comparison 
Auxi l ia ry  H e a t  Exchanger Cycle 
Fuel  Pump Drive Flox Pump 
Turbine Turbine Drive 
Ef f i c i ency ,  % Eff i c i ency ,  % 
64.5 54.0 
60.3 50.1 
Paral le l  Turbine 
2 
2 
800 psis (551.6 N/cm ) 
Design 
500 psis (344.7 N / c m  ) 
Design 
S e r i e s  Turbines 
800 pSia (551.6 N/cm2) 67.1 
D e s  ign  
5GG p s i a  (344.7 N/cm ) 63.2 
2 
Des ign  
S ing le  Turbine 
Geared Drive 
2 
2 
800 psis (551.6 N/cm ) 
Design 
500 Psis (344.7 N/cm ) 
Design 
;\Equivalent E f f i c i ency  
68.3 
62.0 
-- 
Overa l l  
Turbine 
Ef f i c i ency  , % 
59.4" 
53.7'k 
67.7f: 
62.5Jr 
65.3 
64.9 
Because of t h e  reduced admis ion  a r c s  f o r  p a r a l l e l  t u r b i n e s ,  com- 
pared t o  a s ing le-geared  t u r b i n e ,  t h e  equiva len t  o v e r a l l  e f f i c i e n c y  i s  
reduced by 5.9% fo r  an 800-psia (551.6 N / c m  ) system, and by 11.2% f o r  
the  lower chamber pressure .  For s e r i e s  t u r b i n e s ,  each of which passes  
the  t o t a l  flow, a minor advantage (2.4%) i s  shown a t  the  h ighe r  pressure  
des ign  p o i n t ,  but  t h i s  d i sappears  a t  t h e  lower chamber p re s su re  l e v e l .  
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(2) Closed Cycles 
Based upon pre l iminary  cyc le  c a l c u l a t i o n s  made t o  p e r m i t  inves t iga-  
t i o n  of turbomachinery requirements ,  t h e  t u r b i n e  power necessary f o r  t h e  
expander cyc le  w a s  70 hp (52200 W) f o r  the  500-psia (344.7-N/cm ) design 
po in t ,  and 147 hp (109600 W) fo r  t h e  800-psia (551.6-N/cm ) design 
p o i n t .  Respect ive p re s su re  r a t i o s  of 1 .32 and 1.79 were requi red  t o  
2 
2 
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balance t h e  cyc les .  The t u r b i n e  e f f i c i e n c i e s  f o r  t h i s  cyc le  showed 
minimal v a r i a t i o n  over  a speed range from 37,500 t o  50,000 rpm (3927 
t o  5236 r ad / s )  f o r  t he  500-psia (344.7-N/cm ) des ign  po in t ,  and 
from 60,000 t o  75,000 rpm (6283 t o  8273 r ad / s )  f o r  t he  800-psia 
(551.6 N / c m  ) des ign  po in t .  The tu rb ine  c h a r a c t e r i s t i c s  i n  these  
speed ranges were: 
2 
2 
Expander Cycle 
Design Poin t  1 Design Poin t  2 
(500 p s i a ; 2  
344.7 N/cm ) 2 
(800 p s i a ;  
5 5 1 i 6  N/cm ) 
Eff i c i ency  68 t o  70 % 70 t o  73 % 
D i a m e t e r  3 .0  i n .  (7.62 cm) 3 .0  t o  3 . 3  i n .  
(7.62 t o  8.38 cm) 
Blade Height 0.260 t o  0.265 i n .  0.36 t o  0.37 i n .  
A r c  of Admission 14.4 t o  14.5 % 19 t o  20 % 
(0.661 t o  0.678 cm) ((0.915 to 0.940 cm) 
The dimensions f o r  t h e  c losed  cyc le  t u r b i n e s  are smaller than  those  
There is  a genera l  shown , i n  f i g u r e s  29 and 30 f o r  open cyc le  machines. 
l ack  of experimental  d a t a  f o r  t u rb ines  of t h e s e  s i z e s ,  and t h e r e f o r e  t h e  
design of t u rb ines  f o r  c losed  cyc le s  may be somewhat more d i f f i c u l t  than  
f o r  open cyc le s .  
d .  Controls  
No e f f o r t  w a s  made t o  d e f i n e  con t ro l  c h a r a c t e r i s t i c s  f o r  t h e  pre-  
l iminary cyc le  a n a l y s i s ;  however cyc le  requirements were reviewed t o  
a s su re  t h a t  requi red  c o n t r o l  p re s su re  l o s s e s  were provided f o r .  The 
only in s t ance  where a s p e c i f i c  allowance w a s  requi red  was f o r  an  ox id i -  
ze r  flow con t ro l  va lve ,  and f o r  t h i s  component a p re s su re  l o s s  of 50 
ps id  (34.47 N/cm ) w a s  assumed f o r  a l l  cyc le s .  
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With r e spec t  t o  t u r b i n e  power c o n t r o l s ,  a t u r b i n e  bypass con t ro l  
was assumed fo r  t he  expander cyc le .  Thus, t h e  only  requirement was an 
a rea  p a r a l l e l  t o  t he  t u r b i n e  which imposed no r e s t r i c t i o n .  
T h r o t t l i n g  c o n t r o l s  were assumed f o r  open cyc les .  The l a r g e  pres -  
s u r e  d i f f e r e n t i a l  between the  pump d ischarges  and t h e  tu rb ine  i n l e t  i n  
open cyc le s  i s  a v a i l a b l e  f o r  c o n t r o l  purposes and f o r  component l o s ses .  
Therefore ,  w i th  a t u r b i n e  i n l e t  p ressure  of  300 p s i a  (206.8 N/cm , adequate 2 
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d i f f e r e n t i a l  p ressures  are a v a i l a b l e  f o r  c o n t r o l  wi thout  a d d i t i o n a l  power 
p e n a l t i e s ,  For t h e  gas genera tor  cyc le ,  c o n t r o l s  were considered t o  be 
loca ted  i n  t h e  l i q u i d  feed  l i n e s  upstream of t h e  gas genera tor .  A t  t h e  
tu rb ine  i n l e t  temperatures  being considered,  only minimum m i x t u r e - r a t i o  
pe r tu rba t ions  can be t o l e r a t e d  so  mixture  r a t i o  as w e l l  as t o t a l  f low 
would have t o  be c o n t r o l l e d .  The con t ro l  va lve  e f f e c t i v e  areas w i l l  be 
s m a l l ;  t h e  e f f e c t i v e  areas ca l cu la t ed  f o r  c a v i t a t i n g  v e n t u r i  type  
2 
c o n t r o l s  fo r  Design Point  1 were 0.0011 and 0.0035 in .  (0.00710 and 
0.0026 cm ) f o r  t he  f u e l  and ox id ize r  c o n t r o l s ,  r e spec t ive ly .  
r ep resen t  diameters  of  0.021 and 0.037 in .  (0.0534 and 0.0940 cm) which 
might p re sen t  problems i n  development, b u t  do not  a f f e c t  cyc le  power 
requirements.  
2 
These 
e .  G a s  Generator 
D i f f i c u l t y  has been commonly encountered i n  achieving h igh  combus- 
t ioti e f f i c i e n c i e s  w i t h  gas genera tors  burning hydrocarbon f u e l s  a t  low 
ox id ize r - to - fue l  r a t i o s .  For 1ox/RP combinations,  combustion temperature 
has been found t o  drop of f  more r a p i d l y  than the  ca l cu la t ed  equi l ibr ium 
flame temperature as mixture  r a t i o  i s  reduced. (See f i g u r e  32.)  This  
dropoff i s  caused by t h e  p r a c t i c a l  problems of achiev ing  e f f i c i e n t  com- 
bus t ion  near  t he  f lammabil i ty  l i m i t s  and by d i f f i c u l t y  i n  achiev ing  
equi l ibr ium f u e l  decomposition a t  low temperatures  (1500 t o  2200'R; 
833.3 t o  1222'10; however, the  phenomenon a l s o  r e f l e c t s  e r r o r s  i n  the  
ca l cu la t ed  equi l ibr ium temperature t h a t  r e s u l t  because thermodynamic 
da ta  f o r  t h e  decomposition products a r e  incomplete.  S i m i l a r  problems 
can be expected with f l o x / l i g h t  hydrocarbon combinations; however, while  
experimental  d a t a  f o r  lox/RP are r e a d i l y  a v a i l a b l e ,  no such d a t a  are 
a v a i l a b l e  f o r  f l o x / l i g h t  hydrocarbon combinacions. I n  view of t he  l ack  
of experimental  d a t a ,  a gas genera tor  combustion e f f i c i e n c y  ( qc*) of 
95% was a r b i t r a r i l y  s e l e c t e d  f o r  t h e  flox/methane combination. Based on 
oxygen/RP da ta ,  t h i s  appears t o  be a somewhat o p t i m i s t i c  number, but  i t  
w a s  f e l t  t h a t  a lower va lue  which would pena l i ze  performance was no t  
j u s t i f i e d  s i n c e ,  i n  p r a c t i c e ,  somewhat lower e f f i c i e n c i e s  would not  
s e r i o u s l y  a f f e c t  t h e  cyc le .  
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Figure 32.  Comparison of  Theore t i ca l  With DF 70843 
Actual  Gas Generator Performance 
(LOX/RP-~) 
5 3  
4 .  N a t r i x  Reduction 
The s i x  cyc le s ,  four  turbopump arrangements,  and two des ign  po in t s  
s p e c i f i e d  by t h e  con t r ac t  p l an  c rea t ed  a mat r ix  of 48 combinations t o  
be considered i n  t h e  pre l iminary  cyc le  a n a l y s i s .  However, not  a l l  t u r -  
bopump arrangements are p r a c t i c a l  with each of t h e  cyc les  o r  design 
po in t s  and d e t a i l e d  cons ide ra t ion  of such combinations w a s  no t  warranted. 
For t h i s  reason,  a pre l iminary  screening  w a s  made t o  e l imina te  those 
cycle-turbopump-design poin t  combinations t h a t  showed obvious disadvan- 
tages .  The r e s u l t s  of t h i s  sc reening  a r e  summarized i n  t a b l e  V I .  C i rc led  
numbers, i n d i c a t i n g  the  design po in t ,  a r e  shown where cyc le  performance 
c a l c u l a t i o n s  were completed. Where one o r  both design poin ts  a r e  no t  
l i s t e d ,  the cycle-turbopump combination was e l imina ted  from f u r t h e r  con- 
s i d e r a t i o n  on the  b a s i s  of the reason given. 
Cycle c a l c u l a t i o n s  were completed f o r  t he  gas genera tor ,  chamber 
t a p o f f ,  and a u x i l i a r y  hea t  exchanger cyc le s  f o r  both design p o i n t s  and 
f o r  a l l  four  turbopump conf igu ra t ions .  The r e s u l t s  f o r  t hese  open cyc les  
ind ica t ed  l i t t l e  o r  no advantage f o r  dual  s e r i e s  o r  para l le l  t u r b i n e s .  
Therefore  f o r  t h e  c losed  cyc les  where t u r b i n e  admission area i s  m o r e  
c r i t i c a l  because of t h e  increased  working f l u i d  dens i ty  and t h e  inherent  
problem of con t ro l  system complexity i s  compounded by t h r u s t  chamber- 
turbopump i n t e r a c t i o n s ,  dual  t u rb ines  were not  considered.  The geared 
d r i v e  s i n g l e  t u r b i n e  and t h e  s ing le- turb ine ,  d i r e c t  d r i v e  conf igu ra t ions  
w e r e  eva lua ted  f o r  t h e  expander cyc le  b u t  t h e  cyc le  could not  be balanced 
( i . e . ,  power was not adequate) a t  Design Poin t  1 unless  r o t a t i o n a l  speeds 
of over 37,500 r p m  (3926 r a d / s )  were considered.  From the  s t andpo in t  
of ox id i ze r  s e a l  rubbing v e l o c i t i e s ,  37,500 r p m  (3926 r a d f s )  was con- 
s ide red  t o  be a maximum; t h e r e f o r e ,  t he  d i r e c t  d r i v e  conf igura t ion  w a s  
no t  considered acceptab le .  
The primary advantage of t h e  s taged combustion cyc le  i s  i t s  capa- 
b i l i t y  f o r  h igher  pressure  ope ra t ion  than  t h e  expander cyc le ,  which i s  
less complex, so i t  w a s  evaluated only a t  t h e  h igher  p re s su re  design 
poin t  (Design Poin t  1).  The composite cyc le  provides advantages over  
t h e  expander cyc le  only i n  cases  where t h e  expander cycle  i s  power- 
l imi t ed ,  and s i n c e  n e i t h e r  of t h e  expander conf igura t ions  inves t iga t ed  
54 
were found t o  be power-limited a t  t h e i r  des ign  p o i n t ,  t h e  composite 
cyc le  was no t  i nves t iga t ed  i n  d e t a i l .  
5. Cycle Performance 
A s  i nd ica t ed  i n  t a b l e  V I ,  cyc le  performance w a s  computed f o r  t h e  gas 
genera tor ,  a u x i l i a r y  h e a t  exchanger, expander,  and preburner  cyc le s .  
The t h r u s t  chamber, i n j e c t o r ,  and c o n t r o l  system p res su re  drops used 
were def ined  above. For t h e  open cyc le s ,  t h e  t u r b i n e  exhaust gases  w e r e  
expanded t o  t h e  main t h r u s t  chamber e x i t  p re s su re  us ing  a nozzle  t h r u s t  
c o e f f i c i e n t  e f f i c i e n c y  of  97%. Fuel  leakage f o r  bear ing  and gear  cool- 
ing  was es t imated  a t  0.05 l b / s e c  (0.0227 kg/sec)  f o r  a l l  cases .  Where 
app l i cab le ,  gear ing  l o s s e s  were assumed t o  be 5% of the  t o t a l  geared 
pump horsepower. 
a .  Auxi l ia ry  Heat Exchanger Cycle 
S ingle-s tage  t u r b i n e s  with p re s su re  r a t i o s  of 3 ,  10, 20 ,  and 30 and 
two-stage tu rb ines  with p re s su re  r a t i o s  of 20 and 30 were evaluated f o r  
t h e  a u x i l i a r y  hea t  exchanger cyc le  a t  t u r b i n e  i n l e t  p ressures  ranging 
from t h e  main t h r u s t  chamber p re s su re  down t o  50 p s i a  (34.47 N / c m  ) .  
The engine impulse l o s s e s  a s soc ia t ed  wi th  f u e l  usage f o r  t u r b i n e  d r i v e  
are shown as a func t ion  of t u r b i n e  i n l e t  p re s su re  i n  f i g u r e  33 f o r  
Design Poin t  1 and i n  f i g u r e  34 f o r  Design Poin t  2 .  
assumed i n  genera t ing  t h e s e  p l o t s  were: 
Turbine i n l e t  temperature = 1700"R (944.4"K) 
2 
Operating condi t ions  
1. 
2. Turbine speed = 75,000 rpm (7854 r a d / s )  
3. Fuel  pump speed = 75,000 rpm (7854 r a d / s )  
4 .  Oxidizer  pump speed = 37,500 r p m  (3926 r a d / s ) .  
The curves i n  f i g u r e s  33 and 34 show t h a t  reduct ions  i n  cyc le  l o s s e s  
are achieved as t u r b i n e  p re s su re  r a t i o  i s  increased  and t h a t ,  f o r  any 
given pressure  r a t i o ,  t he  e f f e c t  o f  t u rb ine  i n l e t  p ressure  i s  smal l .  A 
t u rb ine  i n l e t  p ressure  a t  which minimum cyc le  l o s s e s  a r e . i n c u r r e d  can be 
de tec ted ,  even though it  i s  not  always sha rp ly  def ined .  The minimum l o s s  
poin t  r e s u l t s  from i n t e r a c t i o n s  between t h e  i s e n t r o p i c  cyc le  performance 
and ob ta inab le  t u r b i n e  e f f i c i e n c i e s .  Maximum cyc le  performance i s  ob- 
t a ined  a t  t h e  maximum i n l e t  p re s su re  and p res su re  r a t i o .  Turbine e f f i -  
ciency, however, i s  a maximum a t  low t u r b i n e  i n l e t  p re s su res  (because of 
t h e  increased  volumetr ic  flow) and a t  low p res su re  r a t i o s  (because of 
l o w  t u r b i n e  Mach numbers). 
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Figure 33. Auxi l i a ry  Heat Exchanger Impulse DF 70845 
LOSS vs Turbine I n l e t  Pressure  - 
Geared Drive: 
(344.7 N/ cm2) 
Pc = 500 p s i a  
Figure 34. Auxi l i a ry  Heat Exchanger Impulse DF 70844 
Loss  vs Turbine I n l e t  P res su re  - 
Geared Drive: 
(551.6 N/cm2) 
Pc = 800 p s i a  
5 7  
For a l l  b u t  the  lower pressure  r a t i o  condi t ion ,  a n  i n l e t  p ressure  
of 300 p s i a  (206.8 N/cm2) appears  t o  pr0vid.e c l o s e  t o  minimum los ses .  
Impulse improvements f o r  two-stage tu rb ines  over  s ing le - s t age  u n i t s  are 
ind ica t ed ;  t h e s e  w e r e  approximately 1.0 l b  - s e c / l b  (9.81 N-sec/kg) f o r  
Design Poin t  1 and 0.4 l b  - s e c / l b  (3.92N-sec/kg) f o r  Design Poin t  2 .  
However, t h e  advantage must be considered wi th  regard t o  the  added weight 
and complexity of t h e  two-stage machine, 
f m 
f m 
F igures  35 and 36 are engine cyc le  schematics f o r  t h e  a u x i l i a r y  hea t  
exchanger cyc le  with geared s i n g l e  tu rb ines  d r i v i n g  t h e  pumps f o r  Design 
Po in t s  1 and 2 a t  t h e  re ference  cyc le  condi t ions ,  i . e . ,  f u e l  pump and 
tu rb ine  speed equal  75,000 r p m  (7854 r a d / s ) ,  ox id i ze r  pump speed 
37,500 r p m  (3927 r a d / s )  and tu rb ine  i n l e t  temperature 1700"R (944.44"K). 
Computations were made t o  i n v e s t i g a t e  the p e n a l t i e s  f o r  reducing t u r -  
bomachinery speed and tu rb ine  i n l e t  temperature;  the  speeds of 
t h e  va r ious  elements of t h e  turbopump were v a r i e d  independently f o r  t h e  
a n a l y s i s  ( i . e . ,  gear ing  and coupling arrangements w e r e  neg lec t ed ) .  Im-  
pu l se  l o s s e s  f o r  a s i n g l e - s t a g e  t u r b i n e  conf igu ra t ion  a r e  shown i n  f i g -  
u r e  37 f o r  Design Poin t  1 and f i g u r e  38 f o r  Design Poin t  2 .  Note t h a t  
t h e  turbomachinery speeds can a l l  be reduced s i g n i f i c a n t l y  without i m -  
par ing cyc le  performance; however, i f  poss ib l e ,  t u rb ine  i n l e t  tempera- 
t u r e  should not  be reduced below 1700"R (944.4"K). 
F igures  39 and 40 show t h e  impulse l o s s  vs  t u r b i n e  i n l e t  p re s su re  
f o r  t h e  d i r e c t  d r i v e  turbomachinery conf igu ra t ions .  For t h e  same pres-  
s u r e  r a t i o  (20),  t h e  lo s ses  are increased  over those  of geared configu- 
r a t i o n s  by approximately 1 .2  l b  - s e c / l b  (11.77 N-sec/kg) a t  Design f m 
Poin t  1 and 0.7 l b f - s e c / l b  (6.87 N-sec/kg) a t  Design Point  2 .  The 
e f f e c t  of varying turbomachinery speed f o r  a s i n g l e  s t a g e  d i r e c t - d r i v e  
conf igu ra t ion  is  shown i n  f i g u r e  41 f o r  both des ign  p o i n t s ;  no te  t h a t  
speed has  a much more s i g n i f i c a n t  e f f e c t  i n  t h i s  ins tance  and t h a t  some- 
what g r e a t e r  advantage i s  shown f o r  a two-stage u n i t  than  i n  t h e  case  of 
a geared pump. 
m 
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F i g u r e  37. A u x i l i a r y  Heat Exchanger Impulse DF 70796 
L o s s  vs Turb ine  and Pump Speeds 
and Turb ine  I n l e t  Temperature - 
S i n g l e  S t a g e  P a r t i a l  Admission 
T u r b i n e s ;  Pc = 500 p s i a  (344.7 
N/ cm2) 
F i g u r e  38. A u x i l i a r y  Heat Exchanger Impulse DF 70794 
Loss  vs Turb ine  and Pump Speeds 
and Turb ine  I n l e t  Temperature - 
S i n g l e  S t a g e  P a r t i a l  Admission 
Turbines;  Pc = 800 p s i a  (551.6 
N/ em2) 
6 1  
F i g u r e  39. A u x i l i a r y  Heat Exchanger Impulse DF 70847 
Loss  vs Turb ine  I n l e t  P r e s s u r e  - 
Direc t  Dr ive :  Speed = . 3 7 , 5 0 0  rpm 
(3927 r a d / s ) ;  Pc = 500 p s i a  
(344.7 N/cm2) 
F i g u r e  40. A u x i l i a r y  Heat Exchanger Impulse DF 70846 
L o s s  vs Turb ine  I n l e t  P r e s s u r e  - 
D i r e c t  Drive: Speed = 37,500 rpm 
(3927 r a d / s ) ;  Pc = 800 p s i a  
(551.6 N/cm2) 
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Figure 41 .  Auxi l ia ry  Heat Exchanger Impulse DF 70798 
Loss vs Speed (Direc t  Drive: 
S ing le  Stage P a r t i a l  Admission) 
The cyc le  performance f o r  p a r a l l e l  and series tu rb ines  a t  t h e  two 
design p o i n t s  was c a l c u l a t e d  a t  a t u r b i n e  i n l e t  p re s su re  of 300 p s i a  
(206.8 N/cm2), with a f u e l  s i d e  turbomachinery speed of 75,000 r p m  
(7854 r a d / s )  and a n  oxid izer -s ide  turbomachinery speed of 37,500 r p m  
(3927 r a d / s ) .  The p res su re  r a t i o  w a s  2 0 ,  and, i n  t h e  case of t h e  
series tu rb ines ,  t h i s  w a s  t h e  o v e r a l l  p re s su re  r a t i o  f o r  both tu rb ines .  
The impulse lo s ses  f o r  t h e  p a r a l l e l  t u rb ines  were 6 .5  and 3 .9  l b  - sec /  
l b  (63 .74  and 38.25 N-sec/kg) f o r  Design Po in t s  1 and 2 ,  r e spec t ive ly .  
Corresponding l o s s e s  f o r  t h e  series tu rb ines  were 5 . 0  and 2.9 l b  - sec /  
l b  (49 .03  and 28.44 N-sec/kg), so aga in ,  t h e  increased  loss  a s soc ia t ed  
with t h e  reduced admission areas of p a r a l l e l  t u rb ines  was shown, and an 
improvement was i nd ica t ed  f o r  t h e  series arrangement. 
b. Gas Generator Cycle 
f 
m 
f 
m 
The impulse l o s s e s  ca l cu la t ed  f o r  a geared turb ine-dr ive  gas gen- 
e r a t o r  cyc le  are shown vs t u r b i n e  i n l e t  p re s su re  a t  a p res su re  r a t i o  of 
20 i n  f i g u r e  4 2 .  Both t h e  f u e l  pump and t u r b i n e  speeds were 75,000 rpm 
(7854 r a d / s ) ,  and the  ox id ize r  pump speed was 37,500 r p m  
(3929 r a d / s ) .  The tu rb ine  i n l e t  temperature was 1850"R (1027'K).  
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It w i l l  b e  n o t e d  t h a t  t h e  t r e n d s  of  f i g u r e  4 2  are s i m i l a r  t o  t h o s e  of 
f i g u r e s  33 and 34 f o r  t h e  a u x i l i a r y  h e a t  exchanger  c y c l e s .  
of reduced turbomachinery speeds  and t u r b i n e  t e m p e r a t u r e  on t h e  gas  
g e n e r a t o r  c y c l e  are similar t o  t h o s e  shown i n  f i g u r e s  3 7  and 38 f o r  t h e  
a u x i l i a r y  h e a t  exchanger .  
4 4  f o r  t h e  s i n g l e  turb ine-geared  pump c o n f i g u r a t i o n  a t  t h e  two d e s i g n  
p o i n t s .  The c y c l e  impulse l o s s  w a s  3.7 l b  - s e c / l b  (36.29 N-sec/kg) 
a t  Design P o i n t  1 and 2 . 1  l b  - s e c / l b  
P o i n t  2 .  
p a r a l l e l  t u r b i n e ,  and series t u r b i n e  c o n f i g u r a t i o n s ;  t h e s e  are compared 
w i t h  t h o s e  f o r  t h e  geared  arrangement  below. 
The e f f e c t s  
Balanced c y c l e s  are shown i n  f i g u r e s  4 3  and 
€ m 
(20 .59  N-sec/kg) a t  Design f m 
Impulse l o s s e s  were a l s o  c a l c u l a t e d  f o r  t h e  d i r e c t  d r i v e ,  
T urb  op ump 
Arrangement Impulse Loss 
Design P o i n t  1 Design P o i n t  2 
l b f - s e c / l b  (N-sec/kg) l b f - s e c / l b m  (N-sec/kg) m 
S i n g l e  Turb ine ,  3.7 ( 3 6 . 2 8 )  2 .1  ( 2 0 . 5 9 )  
Geared 
S i n g l e  Turb ine ,  7.0  ( 6 8 . 6 5 )  3.4 ( 3 3 . 3 4 )  
Direct Drive 
P a r a l l e l  Turb ines  4.0 ( 3 9 . 2 3 )  2.3 ( 2 2 . 5 6 )  
Series Turbines  3.3 ( 3 2 . 3 6 )  1.9 (1%. 6 3 )  
Figure  4 2 .  Gas Genera tor  Impulse Loss  vs DF 70800 
Turbine I n l e t  P r e s s u r e  ( S i n g l e  
S t a g e  P a r t i a l  Admission Turbine)  
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c. Chamber Tapoff Cycle 
The energy ba lance  f o r  t h e  chamber t apof f  cyc le  is  i d e n t i c a l  wi th  
t h e  gas genera tor ;  t h e r e f o r e ,  a n a l y t i c a l  r e s u l t s  f o r  t h e  gas genera tor  
cyc le  are d i r e c t l y  app l i cab le  t o  t h e  tapoff  cyc le ,  and t h e  cyc les  shown 
i n  f i g u r e s  43 and 44 would be r e p r e s e n t a t i v e  except f o r  t h e  source  of 
t h e  t u r b i n e  working f h i d .  
d e  Expander Cycle 
The f u e l  pump d ischarge  p res su re  r equ i r ed  f o r  t h e  expander cyc le  
must be s u f f i c i e n t  t o  provide t h e  necessary  t u r b i n e  pressure  r a t i o  t o  
balance t h e  cycle , .  For a given design p o i n t  (chamber p re s su re  and 
t h r u s t ) ,  as t h e  f u e l  pump d ischarge  p res su re  i s  increased  both t h e  
a v a i l a b l e  t u r b i n e  power and r equ i r ed  pump power are increased .  
t i a l l y ,  t h e  t u r b i n e  power inc reases  a t  a f a s t e r  rate than does t h e  
pump power and t h e  excess  power margin i s  increased .  Ul t imate ly ,  t h e  
r e l a t i o n s h i p  between a v a i l a b l e  and requi red  power i s  reversed ,  and a 
maximum pump d ischarge  p res su re ,  wi th  zero excess  power, i s  reached. 
Normally, 5% t o  10% of excess  power i n  t h e  form of t u r b i n e  bypass flow 
i s  considered necessary  t o  provide s u f f i c i e n t  c o n t r o l  margin and 
cyc le  power. F igures  45 and 46 are balanced cyc le  s h e e t s  f o r  t h e  
expander cyc le  wi th  geared s i n g l e  t u r b i n e  a t  t h e  two des ign  p o i n t s ,  
using turbopump performance s e l e c t e d  t o  g ive  10% bypass flow. Fuel  
pump and tu rb ine  speed were 75,000 r p m  (7854 r a d / s  and the  o x i d i z e r  
pump speed was 37,500 rpm (3927 r ad / s  f o r  both poin ts  
I n i -  
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Figure 47 shows how t h e  excess power a v a i l a b l e  i n  t h e  expander 
cyc le  varies as a func t ion  of f u e l  pump d ischarge  p res su re  ( t h e  
conf igura t ion  is  Design Poin t  2 us ing  a s i n g l e  geared t u r b i n e  d r i v e  
conf igu ra t ion ) .  Note t h a t  by inc reas ing  f u e l  pump d ischarge  from 
2064 p s i a  (1408 N / c m  ) t o  approximately 2800 p s i a  (1931 N / c m  ), t h e  
excess power inc reases  t o  approximately 25% which, as can be seen 
from t h e  shape of t h e  curve,  i s  approaching a maximum. With 25% excess  
power, approximately 15% t o  20% would be  a v a i l a b l e  f o r  up ra t ing  t h e  
engine o r  f o r  provid ing  f o r  design u n c e r t a i n t i e s  a f t e r  a l lowing f o r  
t h e  normal 5% t o  10% bypass flow. Figure 48 i l l u s t r a t e s  t h e  f u e l  pump 
d ischarge  p res su re  r equ i r ed  t o  ba lance  t h e  expander cyc le  wi th  10% 
excess  power as turbomachinery speeds are changed. Varying o x i d i z e r  
pump speed between 25,000 and 37,500 r p m  (2618 and 3927 r a d / s  has 
approximately the  same e f f e c t  as varying tu rb ine  speed between 60,000 
and 75,000 rpm (6283 and 7854 r a d / s ) ,  the  l i m i t  l i n e s  of the  o x i d i z e r  
pump speed envelope. Fuel  pump speeds can be reduced t o  50,000 t o  
60,000 rpm (5236 t o  6283 r a d / s ) ,  depending on tu rb ine  and o x i d i z e r  pump 
cond i t ion ,  without  s i g n i f i c a n t  e f f e c t ,  which i n d i c a t e s  t h a t  the  turbo-  
machinery speeds can be reduced s i g n i f i c a n t l y  f o r  the  expander cyc le  
without  a severe  pena l ty  i n  f u e l  pump d ischarge  pressure.  
2 2 
A s  noted above, dua l  t u r b i n e  turbopump arrangements were no t  
eva lua ted  i n  d e t a i l  f o r  t h e  expander cyc le  because of r e s t r i c t e d  t u r -  
b ine  i n l e t  area. 
t u r b i n e  arrangement ind ica t ed  t h a t  excess  horsepower w a s  reduced by 
approximately 10% because of t h e  r educ t ion  i n  t u r b i n e  e f f i c i e n c y .  
However, p re l iminary  c a l c u l a t i o n s  f o r  t h e  p a r a l l e l  
The problems of p r e d i c t i n g  pump and t u r b i n e  e f f i c i e n c i e s  f o r  t h e  s m a l l  
s i z e  r o t a t i n g  machinery considered were mentioned i n  t h e  d i scuss ion  of 
component a n a l y s i s .  
r ea l i s t i c .  
compensated by a n  inc rease  i n  t h e  t u r b i n e  working f l u i d  f lowra te  i n  an  
open cyc le  engine,  t h e  expander cyc le  i s  l i m i t e d  i n  t h e  maximum power 
a v a i l a b l e  t o  t h e  t u r b i n e  and t h e r e f o r e  may be more s e r i o u s l y  a f f e c t e d  by 
dev ia t ions  i n  e f f i c i e n c y .  
a l s o  a f f e c t e d . b y  t h e  h e a t  t r a n s f e r  l e v e l .  These f a c t o r s  could a f f e c t  de- 
velopment d i f f i c u l t y  and f o r  t h i s  reason a s p e c i a l  s tudy  of expander cyc le  
s e n s i t i v i t y  t o  such changes was included i n  t h e  comparative eva lua t ion .  
The va lues  used i n  t h e  s tudy  w e r e  be l ieved  t o  be 
Although a r educ t ion  i n  turbopump e f f i c i e n c y  may be r e a d i l y  
The a v a i l a b l e  power i n  t h e  expander cyc le  i s  
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Figure  47. Expander Cycle Fuel  Discharge 
P res su re  vs Excess Power f o r  
a 5000 lb ( 2 2 . 2 4  kN) 
Flox/Methane Engine 
DF 70848 
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F i g u r e  4 8 .  Expandes Cycle Fuel  Pump DF 70849 
Discharge  P r e s s u r e  Require-  
ments f o r  a 5000 l b  
(22 .24  kN) Flox/Methane 
Engine 
To assess t h e  e f f e c t  of lower t h a n  p r e d i c t e d  turbopump e f f i c i e n c y  
on t h e  thermodynamic f e a s i b i l i t y  of t h e  expander c y c l e ,  a series of 
c y c l e s  were balanced a t  t h e  more s t r i n g e n t  h i g h  chamber p r e s s u r e  
d e s i g n  p o i n t  w i t h  reduced e f f i c i e n c y  r o t a t i n g  machinery.  F i g u r e  49 
shows t h e  e f f e c t  of a r b i t r a r y  r e d u c t i o n s  i n  f u e l  pump e f f i c i e n c y  on t h e  
f u e l  pump d i s c h a r g e  p r e s s u r e .  The r i g h t  ends of t h e  curves  correspond 
t o  t h e  f u e l  pump e f f i c i e n c i e s  used i n  t h e  b a s i c  a n a l y s i s  ( i . e . ,  45% f o r  
a 10% bypass  f low,  o r  t u r b i n e  weight  flow f r a c t i o n  of 0 . 9 0 ) .  A s  f u e l  
pump e f f i c i e n c y  i s  reduced,  t h e  r e q u i r e d  f u e l  pump d i s c h a r g e  p r e s s u r e  
i n c r e a s e s .  However, a n  a r b i t r a r y  r e d u c t i o n  of 10% i n  f u e l  pump e f f i -  
c i e n c y  produced only  a 10% t o  20% i n c r e a s e  i n  r e q u i r e d  f u e l  pump d i s -  
charge p r e s s u r e ,  and ,  a s  shown, adequate  c y c l e  power margins can be 
main ta ined .  
7 2  
Figure  4 9 .  Expander Cycle Fuel Pump D i s -  
charge P res su re  Requirements 
f o r  Varying Pump E f f i c i e n c i e s  
5000 l b  ( 2 2 . 2 4  kN) 
Flox/Methane Engine 
DF 70850 
7 3  
Figure  50 shows t h e  e f f e c t  of s imultaneously decreasing t h e  
e f f i c i e n c y  of t h e  f u e l  pump, ox id i ze r  pump, and tu rb ine .  AS shown, 
f o r  10% bypass flow, a n  a r b i t r a r y  decrease of 5% i n  the  e f f i c i e n c e s  
of a l l  t h ree  components produces an  inc rease  of 500 p s i a  (344.7 N / c m  ) 
i n  the  f u e l  pump d ischarge  pressure  requi red  t o  balance the  cyc le  which, 
as can be seen ,  i s  a t t a i n a b l e .  F igure  50 a l s o  shows t h a t  the use of a 
tu rb ine  flow r a t i o  of 0.90 r a t h e r  than 0.95 ( t h e  minimum requirement) 
i s  equ iva len t  t o  a 2.0% e f f i c i e n c y  margin on a l l  major turbopump com- 
ponents. 
2 
To s impl i fy  t h e  a n a l y s i s  of v a r i a t i o n s  i n  t h r u s t  chamber h e a t  
t r a n s f e r  on expander cyc le  margin, i nc reases  i n  j a c k e t  p re s su re  loss  
only were assumed. This  provides  a degree of conservatism, s i n c e  
concurrent  i nc reases  i n  AT would a l s o  be expected. Resul ts  a r e  shown 
i n  f i g u r e  5 1  which presents  t he  f u e l  pump d ischarge  pressure  r equ i r e -  
ment as a func t ion  of j a c k e t A P .  The l e f t  ends of the  curves co r re s -  
pond t o  the  va lues  used i n  th*e b a s i c  s t u d i e s .  
flow f r a c t i o n  o f  0.90, doubling t h e  coolan t  j a c k e t  pressure drop 
inc reases  the  requi red  f u e l  pump d ischarge  pressure  by only 200 p s i  
(137.9 N/cm2), 
t o l e r a t e d  with very  l i t t l e  a f f e c t  on cyc le  f e a s i b i l i t y .  
Note t h a t ,  f o r  a tu rb ine  
Thus, l a rge  inc reases  i n  j a c k e t  pressure  drop can be 
Because p o s i t i v e  displacement pumps might o f f e r  h igher  e f f i c i e n c i e s  
i n  s m a l l  s i ze s ,  t h e  use of t h i s  type  of f u e l  pump i n  conjunct ion wi th  
t h e  expander cyc le  w a s  a l s o  inves t iga t ed  b r i e f l y .  
t h e  excess  power ( t u r b i n e  bypass flow) may be increased  by over  20% 
and the  tu rb ine  speed reduced t o  50,000 r p m  (5236 r a d / s )  because of 
the increased  e f f i c i e n c y  provided by a p o s i t i v e  displacement f u e l  pump. 
Using a p o s i t i v e  displacement pump and reducing t h e  ox id ize r  pump and 
tu rb ine  speed t o  30,000 r p m  (3142 r a d / s )  provides a 5% t o  8% inc rease  
i n  tu rb ine  power over t he  r e fe rence  conf igura t ion .  
Figure 52 shows t h a t  
74 
F i g u r e  50. Expander Cycle F u e l  Pump Discharge  
Requirements f o r  Degrada t ion  I n  
Turbomachinery E f f i c i e n c y  5000 l b  
(22 .24  kN) Flox/Methane Engine 
DF 70851 
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Figure  51. Expander Cycle Fuel  Pump Discharge 
Requirements f o r  Varying J a c k e t  
P res su re  Loss 5000 l b  (22 .24  kN) 
F lox /Me  thane Engine 
DF 70852 
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Figure  52. Expander Cycle Fuel  Pump Discharge 
P res su re  vs Excess Power f o r  a 
5000 l b  ( 2 2 . 2 4  kN) Methan2 Engine 
P = 800 p s i a  (551.6 N/cm ) 
C 
DF 70853 
77 
e. Preburner  Cycle 
The only major advantage of t h e  c losed  preburner  cyc le  over  t h e  
c losed  expander cyc le  i s  t h e  c a p a b i l i t y  i t  provides  f o r  extending t h e  
upper chamber p re s su re  l i m i t  on opera t ion .  Analysis  showed t h a t  t h e  
expander cyc le  had t h e  c a p a b i l i t y  f o r  ope ra t ion  a t  t h e  h igher  chamber 
p re s su re  design po in t ,  800 p s i a  (551.6 N / c m  ); t h e r e f o r e  t h e r e  w a s  
no n e c e s s i t y  f o r  d e t a i l e d  cons ide ra t ion  of t h e  more complex cyc le ,  
However, t o  permit a comparison, a preburner  cyc le  w a s  balanced a t  
Design Po in t  1, 
2 
2 The cyc le  schematic f o r  t h e  800 p s i a  (551.6 N / c m  ) chamber 
p re s su re  preburner  engine i s  shown i n  f i g u r e  53. Both the  f u e l  pump 
and t u r b i n e  speeds are 75,000 rpm (7854 r a d / s ) ,  and t h e  o x i d i z e r  
pump speed i s  37,500 rpm (3927 r a d / s ) .  The preburner  combustion 
temperature  w a s  s e t  a t  1850"R (1028OK). A l l  of t h e  f u e l  and s u f f i c i e n t  
o x i d i z e r  t o  maintain t h e  1850°F (1028°K) combustion temperature p a s s  
through t h e  preburner  and t u r b i n e  and t h e  remainder of o x i d i z e r  i s  in-  
j e c t e d  i n t o  the  main chamber. 
6 Estimated Engine Weights 
Prel iminary es t imates  o f  .weight were made f o r  the  cyc les  and turbo-  
machinery conf igura t ions  analyzed. These weights a r e  shown w i t h  the  
r e s p e c t i v e  engine impulses and f u e l  pump d ischarge  p res su res  i n  t a b l e  
V I I .  Design l ayou t s  were n o t  prepared a t  t h i s  s t a g e  of t h e  s tudy;  
t h e r e f o r e  a base engine weight f o r  one conf igu ra t ion  w a s  e s t a b l i s h e d  
and t h e  weights  of t h e  remaining cyc le s  and pump arrangements were 
sca l ed  from i t .  The r e s u l t i n g  estimates are p r imar i ly  a guide t o  
the  re la t ive merits of each conf igura t ion .  The base conf igu ra t ion  w a s  
the  Design Poin t  2 expander cyc le  engine.  Its weight w a s  es t imated  
t o  be 115 l b  (52.16 kg);  t h i s  va lue  w a s  e s t a b l i s h e d  based on stress 
c a l c u l a t i o n s  made f o r  t h e  t h r u s t  chamber and f o r  t h e  turbomachinery 
gea r s ,  s h a f t s ,  and housings.  The pump impel le r  and t u r b i n e  r o t o r  
weights  were based on t y p i c a l  s c a l i n g  f a c t o r s  r e l a t i n g  flow, r o t o r  
speed, and diameter .  The plumbing, manifold,  and valve weights  w e r e  
78 
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sca l ed  from t h e  RLlO engine.  
expander cyc le  weight estimate w a s :  
A breakdown of t h e  Design Po in t  2 
Component Percentage of T o t a l  Engine Weight 
Thrus t  Chamber 32 
T urb opump s 23 
Lines  and 'Valves 37 
Mounts and Brackets  8 
D. PRELIMINARY CYCLE SELECTION 
I n  a d d i t i o n  t o  s p e c i f i c  impuls and engine weight,  i t  w a s  necessary 
_ t o  cons ider  o the r  f a c t o r s  complexity, d i f f i c u l t y  of development, 
product ion c o s t ,  e tc . ,  i 
cycle .  Performance i n  terms of g ine  s p e c i f i c  impulse and weight can 
be eva lua ted  numerical ly  wi th  r curacy; however, q u a n t i t i v e  
eva lua t ion  of complexity,  d i f f i c u l t y  of development, e t c . ,  i s  d i f f i c u l t  
under any circumstance and v i r t u a l l y  impossible  un le s s  d e t a i l e d  
e c t i o n  of t h e  most d e s i r a b l e  engine 
i 
design drawings are a v a i l a b l e  and a complete development p l an  i s  
generated.  Therefore ,  c o n s i s t e n t  wi th  a v a i l a b l e  information and t h e  
. scope  of t h e  turbopump d r i v e  cyc le  ana lyses ,  t h e  method s e l e c t e d  f o r  
.- . " ~ ~  
eva lua t ing  t h e  v a r i o u s  cyc le s  wi th  r e spec t  t o  such nonnumerical f a c t o r s  
was t o  rank them on a re la t ive q u a l i t a t i v e  b a s i s .  Paragraphs 1 
ow, d e s c r i b e  t h e  ranking of t h e  va r ious  cyc le s  and 
i n a t i o n s  on the  b a s i s  of f i v e  f a c t o r s  cons i  
complexity,  development d i f f i c u l t y ,  design f l e x i b i l i t y ,  e 
t h r o t t l i n g ,  and product ion c o s t .  Paragraph 6 p re sen t s  combined 
rankings of t h e  f a c t o r s .  
complexity of t h e  va r ious  cyc le s  and turbopump con- 
be  considered in  t e r m s  af t h e  number of.. components, 
s teady  s ta te  and t r a n s i e n t  c o n t r o l  requirements ,  
s p e c i a l  manufacturing process  requirements  and manufacturing t o l e r -  
ances ,  and d i f f e r e n c e s  i n  the  i n t e r n a l  f l u i d  dynamics and manifolding, 
Based on t h e s e  cons ide ra t ions ,  t h e  problem areas t h a t  appegred t o  
a f f e c t  engine complexity most d i r e c t l y  inc lude  those  descr ibed  below. 
80 
h
 
k
 
3
 
v3 
a, : E 0 4-1 k a, P4 a, rl u h U H H 3 a, -I P m H 
U
 
4
 
I
h
 
"
5
2
 
3
-
 
M
 
U
'W
2
 5
 
a
n
 
u 
>
- 
u 
w
 
4
 
w
r
n
 
z
 
V
I 
v
 
h
 
W
 
u 
w
-4
 
u 
a
n
 . 0) 
>
4
 u 
rn 
m
a
 
I 
e
€
<
 
H
0
)
 
v
 
h
 
Y
 
e. 
0
1
 4
 
u 
Io 
w
. 
0
) 
>
P
 
U
 
v1 
4
-
4
0
)
 
m
a
 
v
 
h
 
N
 
2 ': 
5 
h
e
 
a
 
a. 
h
 
N
 
a
\
 
z
 
': 
5 v 
h
 
U
 
(0
 
.
 M 
P
- 
N
 
N
 
P O. U 0) VI 
.
 
-4
 
m
 
0
 
W
 
0
 
3
 
0
 
.-4
 
"
I 
0
) 
M
 
e
 
9 2 W # I1 M 
3. . U 0) VI z 
ro 
m
 
3
 
e
 
a
 
v
 
2 E 
.
 U 0) VI "I 
e
 
3
 
\D
 
3
 
81 
a. So l id  Carbon i n  t h e  Turbine and Gas Generator 
The presence of s o l i d  carbon could cause f o u l i n g  of t h e  t u r b i n e  and 
of a gas genera tor  i n j e c t o r  w i th  a r e s u l t i n g  l o s s  i n  t u r b i n e  power. 
With lox/RP-1 gas genera tors  having approximately t h e  same weight 
f r a c t i o n s  of s o l i d  carbon i n  t h e  exhaust  as flox/methane, t u r b i n e  
f o u l i n g  has  been found t o  be s e n s i t i v e  t o  t h e  gas genera tor  combus- 
t i o n  temperature .  
d a t a  are a v a i l a b l e ,  bu t  t he  ve ry  s m a l l  b l ade  dimensions and c learances  
r equ i r ed  f o r  a 5,000 l b  ( 2 2 . 2 4  kN) engine cause poss ib l e  fou l ing  t o  be 
of major concern,  and p r o t e c t i o n  f o r  t h e  t u r b i n e  would add complex- 
i t y .  
us ing  combustion products  f o r  t u r b i n e  d r i v e ,  i . e . ,  t h e  gas genera tor ,  
t a p o f f ,  and preburner  cyc les .  
With flox/methane no experimental  gas genera tor  
So l id  carbon is  considered a p o t e n t i a l  problem wi th  a l l  cyc le s  
b ,  Control  of Low Flowrates 
For a gas gene ra to r ,  o x i d i z e r  f lowra te  a t  f u l l  t h r u s t  would be 
only 0.075 l b / s e c  (0.0340 kg/sec) .  A c a v i t a t i n g  v e n t u r i  t o  c o n t r o l  
t h i s  flow would have a t h r o a t  area of only 0.021 i n .  (0.0529 cm). 
An annular  v a r i a b l e  area c a v i t a t i n g  v e n t u r i  f o r  t h r o t t l i n g  would have 
an annulus width of under 0.010 i n .  (0.0252 cm) a t  f u l l  t h r u s t  and 
t h i s  would be reduced a t  t h r o t t l e d  cond i t ions .  O r i f i c e s  would have 
l a r g e r  diameters  t han  c a v i t a t i n g  v e n t u r i s ,  but  would provide less pos i -  
t i v e  c o n t r o l .  The con t ro l  of f l owra te s  a t  t h i s  low l e v e l  t o  provide 
both mixture  r a t i o  and t o t a l  f low wi th in  acceptab le  l i m i t s  t h e r e f o r e  
may not  be p o s s i b l e  wi th  convent ional  approaches; i t  p resen t s  no in su r -  
mountable problems, but i t  does create t h e  p o s s i b i l i t y  of added com- 
p l e x i t y ,  such as use  of t h r o t t l e  o r  bypass va lves  i n  t h e  h o t  gas system, 
i n  t h e  gas  genera tor  cyc le .  
c .  S t a r t  T rans i en t  Requirements 
I f  a boo t s t r ap  s tar t  can be used,  system complexity is considerably 
reduced. Without d e t a i l e d  t r a n s i e n t  s t u d i e s ,  t h e  f e a s i b i l i t y  of a boot- 
s t r a p  start  cannot be f u l l y  assessed .  It does appear ,  however, tha t  a 
boo t s t r ap  s tar t  would be more d i f f i c u l t  with gas  genera tor  and preburner  
cyc le s  because of  mixture  r a t i o  and flow c o n t r o l  requirements during 
t r a n s i e n t  ope ra t ion .  
d. Coolant Flow Control and Channel Dimensional Tolerances 
Coolant passage dimensions are generally smaller for the closed 
cycles. Channel tolerance requirements are not, however, more severe 
for the closed cycle engines because the lower jacket pressure drops 
and reduced coolant density changes through the jacket cause the coolant 
distribution to be inherently more uniform than for the open cycles. 
It was therefore concluded that there are no significant manufacturing 
differences between thrust chambers for the various cycles. 
e. Turbopump Requirements 
Fuel pump and turbine dimensional requirements for the closed cycles 
are more severe than for the open cycles. With regard to the various 
turbopump configurations, the relative complexity is primarily a function 
of the number of components and the control system requirements. 
f. Ranking 
On the basis of the considerations above, the relative complexity oil 
the various cycles and turbopump arrangements was judged to be as given 
in table V I I I .  
Table VIII. Relative Complexity of Cycles 
and Turbopump Arrangements* 
1. Single Turbine, Direct Drive 
2. Single Turbine, Geared Drivel 
3 .  Parallel Turbines 
4 .  Series Turbines 
.. - 
Cycles 
1. Auxiliary Heat Exchanger 
2. Tapoff 
3 .  Gas Generator 
4 .  Expander 
5. Composite 
6. Preburner 
Turbopump Arrangements 
i'c Least complex ranked first. 
2. Development Difficulty 
Primary factors affecting the difficulty of development are considered 
to be bearing and seal limitations, materials limitations, ease and ex- 
tent of component testing possible, and accuracy of design analysis. The 
most significant problem areas associated with these considerations were 
believed to be as described below. 
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a. Gas Generator Exhaust Products 
It is likely that solid carbon in the gas generator exhaust would 
seriously hinder turbopump development as described in paragraph 1.a. 
HF in the exhaust could prove highly corrosive, require the use of more 
advanced materials, and possibly necessitate use of unusual shutdown 
procedures. The gas generator, tapoff, and preburner cycles would all 
be affected by these problems. 
b. Pump Geometry 
The small pump impeller and turbine vane and blade geometries as- 
sociated with low flowrates and relatively high pressures make pre- 
dictions of fluid dynamic efficiencies less accurate than for turbo- 
pumps of more usual sizes. Bearing, seal, and gearing losses are also 
relatively higher and accurate prediction is more important than for 
more conventional applications. These problems are slightly more severe 
with closed cycles than with open cycles because of the higher fuel pump 
pressure rise, higher turbine power requirements, and higher turbine 
working fluid density. 
c. Lack of Gas Generator Property Data 
Experience with lox/RP-1 engines has shown that the combustion tem- 
perature and gas thermodynamic properties are significantly different 
than the theoretically predicted values. Empirical data are available 
for lox/RP-1 gas generators; however, no such data exist for flox/ 
methane. The data could readily be obtained as a part of a development 
program, but additional time would be required before accurate evalua- 
tions of delivered performance could be made. 
d. Interrelationship of Thrust Chamber and Turbomachinery 
The energy of the turbine working fluid in the expander cycle is 
dependent on heat exchange within the cooling jacket; consequently, any 
deviation in the chamber heat flux from the values assumed for design 
will influence the available turbine power. This necessitates either 
that turbopump development be delayed until experimental chamber data 
are available, or that adequate margins be established in the initial 
design. 
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I n  t h e  tapoff  cyc le ,  t u r b i n e  power i s  even more c r i t i c a l l y  t i e d  t o  
t h r u s t  chamber ope ra t ion .  The p r o p e l l a n t s  must be d i s t r i b u t e d  s o  t h a t  
gases may be withdrawn a t  a temperature compatible with t u r b i n e  m a t e -  
r ia ls  and power requirements .  A t  t h e  same t i m e ,  any major ma ld i s t r ibu -  
t i o n  of p rope l l an t s  w i l l  s e r i o u s l y  a f f e c t  engine performance. It is  
a n t i c i p a t e d  t h a t  a n  optimum compromise between t h e s e  two c o n f l i c t i n g  
requirements would p l ace  s i g n i f i c a n t  r e s t r i c t i o n s  on t h e  t h r u s t  chamber 
and i n j e c t o r  development e f f o r t .  
I Cycles Turbopump Arrangements 1 
e .  Ranking 
ycles 
1. Auxi l ia ry  Heat Exhanger 
2 .  Expander 
3 .  Gas Generator 
4 .  Composite 
5. Tapoff 
6 .  Preburner  
The r e l a t i v e  ranking of t he  var ious  cyc les  and turbopump configura-  
t i o n s  wi th  respec t  t o  development d i f f i c u l t y  i s  g iven  i n  t a b l e  I X .  
urbopu p rrange ents 
1. S ing le  Turbine,  Geared Drive 
2 .  S ing le  Turbine,  Direct Drive 
3 .  Para l le l  Turbines 
4 .  S e r i e s  Turbines  
3 .  Design F l e x i b i l i t y  
Design f l e x i b i l i t y  f e a t u r e s  i n  t h i s  a p p l i c a t i o n  w e r e  considered t o  
be ease of up ra t ing ,  t h e  a b i l i t y  t o  handle  v a r i a t i o n s  i n  mixture  r a t i o  
and Qm/Qp, and t h e  ease with which t h e  engine could be converted t o  
o the r  p rope l l an t  combinations.  Major r e s t r i c t i o n s  on f l e x i b i l i t y  are 
descr ibed below. 
a .  Cycle Power L i m i t s  
L i m i t s  on cyc le  power may r e s t r i c t  t h e  a b i l i t y  of t he  closed cyc le s ,  
p a r t i c u l a r l y  t h e  expander cyc le ,  t o  be uprated o r  operated a t  of f -des ign  
condi t ions .  
b. I n j e c t o r  E f f e c t s  on Cycle 
Because almost any v a r i a t i o n  i n  t h e  cyc le  would a f f e c t  i n j e c t o r  
opera t ion ,  t h e  f l e x i b i l i t y  of t h e  tapoff  cyc le  i s  l imi t ed ,  i . e . ,  any 
v a r i a t i o n  i n  t h r u s t ,  mixture  r a t i o ,  e t c . ,  is  l i k e l y  t o  cause changes i n  
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the composition of the gases tapped off the chamber or injector at any 
fixed location. This would affect turbine inlet temperature or might 
cause compromises that would produce an excessive drop in thrust chamber 
performance. 
c. Heat Transfer Limits 
Off-design operation causes variations in jacket wall temperatures 
and pressure drops which can, in some instances, limit flexibility. 
Most seriously affected from this standpoint would be the expander and 
auxiliary heat exchanger cycles. 
d. Ranking 
Table X summarizes the relative ranking of the cycles and turbo- 
pumps for flexibility. 
Table X. Relative Design Flexibility of Cycles and 
Turbopump Configurations 
Cycles Turbopump Arrangements 
_. 
1. Gas Generator 1. Series Turbines 
2. Preburner 2. Parallel Turbines 
3 .  Composite 3 .  Single Turbine, Geared Drive 
4 .  Auxiliary Heat Exchanger 4 .  Single Turbine, Direct Drive 
5. Expander 
6 .  Tapoff 
4 .  Ease of Throttling 
Throttling may be limited by jacket cooling limits, injector opera- 
tion at low thrust, or prohibitive control requirements. The most sig- 
nificant potential limits on a low thrust flox/methane engine are 
described below. 
a. Cooling Limits 
Excessive wall temperatures or coolant bulk temperatures can be 
encountered as the engine is throttled. However, it is not possible to 
identify potential problems without analyses so for the purposes of 
qualitative rating, all cycles were considered equal in this regard. 
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The requi red  ana lyses  were completed f o r  two cyc les  s e l e c t e d  f o r  f u r t h e r  
s tudy  a t  each of t h e  two design p o i n t s ,  and r e s u l t s  are thoroughly d i s -  
cussed i n  Sec t ion  111, paragraph F .  
b. I n j e c t o r  E f f e c t s  
The s a m e  f a c t o r s  t h a t  l i m i t  t h e  design f l e x i b i l i t y  of t h e  tapoff  
cyc le  (paragraph 3 )  would a l s o  be expected t o  provide d i f f i c u l t y  with 
t h r o t t l i n g .  
c .  Bulk Boil ing Cooling 
Cooling wi th  bulk b o i l i n g  w a s  shown t o  be f e a s i b l e  under Contract  
NAS3-10294 (Reference 3 ) ;  however, i t  p re sen t s  s p e c i a l  problems i n  
con t ro l  of flow, s t a b i l i t y ,  and j acke t  coolan t  d i s t r i b u t i o n .  The 
h ighe r  j a c k e t  pressure  a s soc ia t ed  with c losed  cyc les  reduces t h e  t h r u s t  
range over which bulk b o i l i n g  would normally be encountered and some 
what reduces t h e  ex ten t  of t h e  problem. It would be poss ib l e  t o  t h r o t t l e  
coolant  f low downstream of  the  cool ing  j acke t  t o  e l imina te  bulk b o i l i n g ;  
however, t h i s  would r e s u l t  i n  an  increased  turbopump power requirement 
t h a t  would inc rease  open cyc le  lo s ses  and provide a d d i t i o n a l  l i m i t a t i o n s  
on c losed  cyc le  ope ra t ion .  
d .  S o l i d  Carbon i n  t h e  Turbine and Gas Generator 
I f  i t  i s  assumed t h a t  carbon fou l ing  can be e l imina ted  a t  f u l l  
t h r u s t  t h i s  would not  ensure  t h a t  t h e  problem would not  recur  a t  
t h r o t t l e d  condi t ions .  T h r o t t l e d  ve r s ions  of t h e  t a p o f f ,  gas genera tor ,  
and preburner  cyc les  might, t h e r e f o r e ,  r equ i r e  a d d i t i o n a l  development 
t o  overcome carbon fou l ing .  
e .  Ranking 
I n  view of t h e  above, t h r o t t l i n g  appeared t o  be f e a s i b l e  with a l l  
of t h e  cyc le s  considered and with a l l  of t h e  turbopump conf igura t ions  
except t h e  s i n g l e  t u r b i n e  with d i r e c t  d r i v e  (which i s  sub jec t  t o  l a rge  
e f f i c i e n c y  degradat ion because of t h e  low speed a t  f u l l  t h r u s t ) .  How- 
ever ,  t h i s  conclusion was reached without t h e  b e n e f i t  of cyc le  a n a l y s i s  
f o r  t h r o t t l e d  ope ra t ion  (which was accomplished l a t e r  f o r  s e l e c t e d  
cyc le s ) ,  so  a completely accu ra t e  ranking was  not poss ib l e .  
t h e r e f o r e ,  simply r ep resen t s  t h e  bes t  a t tempt  t o  ra te  t h e  var ious  
cyc les  and turbopump arrangements on t h e  b a s i s  of t h e  q u a l i t a t i v e  
cons ide ra t ions .  
Table X I ,  
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Table XI. Relative Ease of Throttling of Cycles and 
Turbopump Configurations 
Cycles 
1. Auxiliary Heat Exchanger 
2. Composite 
3 .  Preburner 
4 .  Gas Generator 
5. Expander 
6. Tapoff 
Turbopump Arrangements 
1. Parallel Turbines 
2. Single Turbine, Geared Drive 
3 .  Series Turbines 
4 .  Single Turbine, Direct Drive 
5. Production Cost 
Development cost would be expected to reflect complexity and diffi- 
culty of development. Factors considered most influential with regard 
to engine production cost were the complexity of the turbopump config- 
uration and the intricacy of the internal passages and their dimensional 
requirements, the thrust chamber coolant passage geometry, the number 
of valves and accessory components, and special material requirements. 
Specific factors that influenced the rankings are presented in the 
following paragraphs. 
a. Pump Design Tolerances 
The smaller internal dimensions and consequent tighter tolerances 
on internal dimensions indicate the turbopump costs would be somewhat 
higher for the closed cycles. 
b. HF in Turbine Working Fluid 
The presence of HF and higher turbine inlet temperatures would re- 
quire use of more advanced turbine materials for the gas generator, 
tapoff, and preburner cycles. 
e. Ranking 
The relative cost ranking of the various cycles and turbopump con- 
figurations is shown in table XII. 
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Table XII. Relative Production Cost of Cycles and Turbopump 
Conf igurat ions 
Cycles 
Cycles 
Turbopump Arrangements 
1. Auxiliary Heat Exchanger 
2. Gas Generator 
3 .  Expander 
4 .  Tapoff 
5. Composite 
6. Preburner 
1. Auxiliary Heat Exchanger 
Turbopump Arrangements 
1. Single Turbine, Geared Drive 
1. Single Turbine, Direct Drive 
2. Single Turbine, Geared Drive 
3 .  Parallel Turbines 
4 .  Series Turbines 
2. Gas Generator 
3 .  Expander 
4 .  Composite 
5. Preburner 
6. Combined Ranking 
2. Single Turbine, Direct Drive 
3 .  Parallel Turbines 
4 .  Series Turbines 
6. Tapoff I 
The cycle-turbopump arrangement combinations were compared at both 
design points using performance and weight data and the combined quali- 
tative rankings. The individual cycle ranking and turbopump ranking 
lists of table XIII were used to establish a combined ranking f o r  the 
various cycle-turbopump combinations. The relative importance of diff- 
erences between cycle and turbopump arrangement consideration is pri- 
marily a matter o f  judgment, As a guide, the qualitative difference 
between the first and last turbopump arrangement was judged to be about 
half as great as the qualitative difference between the first and last 
cycle. 
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To permit simultaneous cons ide ra t ion  of t h e  q u a l i t a t i v e  rankings 
and performance parameters ,  a r a t i n g  p l o t  technique was used. The 
q u a l i t a t i v e  rankings e s t a b l i s h e d  p o s i t i o n  on t h e  v e r t i c a l  scale of 
t h e  p l o t s ,  and a performance r a t i n g  f a c t o r  based on vacuum s p e c i f i c  
impulse and engine weight determined t h e  loca t ions  on t h e  h o r i z o n t a l  
s c a l e .  Earlier ana lyses  of  t y p i c a l  missions app l i cab le  t o  low t h r u s t  
space s t o r a b l e  engines  had ind ica t ed  t h a t  20 l b  (9.07 kg) of engine 
weight a f f e c t e d  s t a g e  A V  t o  t h e  same e x t e n t  as 1 l b  - s e c / l b  
sec/kg)  of s p e c i f i c  impulse. Using t h i s  as a t r a d e  f a c t o r ,  t h e  cyc le  
performance r a t i n g  w a s  c a l c u l a t e d  as: 
(9.81 N- f m 
PR = A I v a c  - AWt/20 
where t h e  A va lues  r ep resen t  d i f f e r e n c e s  from t h e  average of a l l  of 
t h e  cyc le  d a t a  given i n  t a b l e  V I I .  
Rating p l o t s  a r e , p r e s e n t e d  i n  f i g u r e  54 f o r  Design Poin t  1 and 
f i g u r e  55 f o r  Design Poin t  2 .  Note t h a t  t h e  a u x i l i a r y  h e a t  exchanger 
cyc le  appeared s u p e r i o r  on t h e  b a s i s  of t h e  q u a l i t a t i v e  ranking,  t h e  
expander cyc le  o f f e r e d  t h e  h i g h e s t  performance r a t i n g ,  and t h e  gas 
gene ra to r  cyc le  provided a compromise between t h e  q u a l i t a t i v e  r a t i n g  
and performance maxima of t h e  a u x i l i a r y  h e a t  exchanger and expander 
cyc le s ,  r e s p e c t i v e l y .  The s i n g l e  t u r b i n e  wi th  geared pumps was  i nd i -  
ca t ed  t o  be t h e  most d e s i r a b l e  f o r  a l l  of t h e  cyc le s .  
F igure  56 p resen t s  a combined r a t i n g  p l o t  f o r  both des ign  p o i n t s .  
The r e l a t i v e  performance parameters w e r e  r e a d i l y  ad jus t ed  t o  a new 
average f o r  t h e  comparison, but  t h e r e  was no s t r a igh t fo rward  way t o  
handle  q u a l i t a t i v e  f a c t o r s .  Therefore ,  i n  view of t he  h ighe r  chamber 
p re s su re ,  an  a r b i t r a r y  r educ t ion  i n  t h e  q u a l i t a t i v e  r a t i n g s  f o r  Design 
Poin t  1 were made, t h e  ex ten t  being e s s e n t i a l l y  a matter of judgment. 
The reduct ion  is  be l ieved  t o  be r e a l i s t i c ;  f o r  example, a comparison 
of t h e  expander cyc le  a t  Design Po in t  2 (P = 500 p s i a ;  344.'7 N / c m  ) 
wi th  t h e  a u x i l i a r y  h e a t  exchanger cyc le  a t  Design Po in t  1 (P 
p s i a ;  551.6 N / c m  ) with  a s i n g l e  tu rb ine ,  geared pumps i n  both cyc le s ,  
provides  a u s e f u l  i n s i g h t  i n t o  t h e  r e l a t i v e  q u a l i t a t i v e  c h a r a c t e r i s t i c s  
of t h e  two des ign  po in t s .  Both cyc le s  have similar materials and com- 
ponent requirements except t h a t  t h e  a u x i l i a r y  hea t  exchanger cyc le  must 
have a d d i t i o n a l  t h r u s t  chamber manifolding f o r  t h e  h e a t  exchanger. Both 
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cycles  u t i l i z e  t u r b i n e s  dr iven  by heated methane r a t h e r  than  combustion 
products ,  and t h e  expander cyc le  has  a somewhat lower pump d ischarge  
p res su re  than  t h e  a u x i l i a r y  h e a t  exchanger cyc le  a t  t h e  h igher  chamber 
pressure .  A cursory  comparison would, t h e r e f o r e ,  suggest t h a t  t h e  
expander cyc le  a t  Design Poin t  2 would have a s l i g h t l y  h ighe r  q u a l i t a -  
t i v e  r a t i n g  than  t h e  a u x i l i a r y  h e a t  exchanger a t  Design Poin t  1. This  
comparison i s  i n  agreement wi th  t h e  r e s u l t s  shown i n  f i g u r e  56. F igure  
56 a l s o  shows t h a t  when t h e  design po in t  i s  included as an a d d i t i o n a l  
f a c t o r  i n  t h e  r a t i n g ,  t h e  a u x i l i a r y  h e a t  exchanger a t  Design Po in t  2 
rates h ighes t  q u a l i t a t i v e l y ,  t h e  expander cyc le  a t  Design Po in t  1 rates 
h ighes t  on a performance b a s i s ,  and t h e  a u x i l i a r y  hea t  exchanger cyc le  
a t  Design Poin t  1 and t h e  expander cyc le  a t  Design Poin t  2 provide 
median compromises between t h e  two r a t i n g  v a r i a b l e s .  
The ranking p l o t s  showed no c l e a r  s u p e r i o r i t y  f o r  any cycle-  
turbopump arrangement on t h e  combined b a s i s  of performance and q u a l i t a -  
t i v e  r a t i n g  a t  e i t h e r  des ign  p o i n t ,  but  r a t h e r  showed t h e  a u x i l i a r y  
hea t  exchanger t o  be s u p e r i o r  from t h e  s tandpoin t  of  development con- 
s i d e r a t i o n s  while  t h e  expander provided h ighes t  performance. The gas 
genera tor  provided a compromise, but  an ove r r id ing  concern over t u r b i n e  
fou l ing  l e d  t o  i t s  r e j e c t i o n .  Thus, on t h e  b a s i s  of t h e  cyc le  r a t i n g ,  
t h e  a u x i l i a r y  h e a t  exchanger and expander cyc le s  wi th  a s i n g l e  t u r b i n e ,  
geared pump conf igu ra t ion  a t  both des ign  p o i n t s  were judged as s u p e r i o r  
choices  t o  any o t h e r  f o r  f u r t h e r  a n a l y s i s .  This  recommendation was 
made t o  and approved by t h e  NASA-LeRC P r o j e c t  Manager and t h e  s tudy  
proceeded t o  t h e  next  phase.  
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E. THRUST CHAMBER GEOMETRY AND COOLING REQUIREMENTS 
Before proceeding with the "Cycle Energy Balance," or final screen- 
ing, important thrust chamber and coolant passage dimensions tentatively 
set in the preliminary regenerative cooling analysis were finalized for 
each of the cycles selected at both design points. The fixed geometries 
were then evaluated at off-design conditions to determine the effects of 
variations in Qm/Q r, and P on coolant bulk temperature rise, coolant 
pressure drop, and thrust chamber wall temperature. 
PY C 
1. Chamber Performance 
In accordance with contract requirements, delivered engine perfor- 
mance for all phases of the study was based on 94% of the theoretical 
specific impulse less cycle losses. Table XIV shows nominal performance 
exclusive of cycle losses for the two design points. For closed cycles, 
the cycle losses are limited to bearing coolant and seal leakage losses 
and are nominally less than 0.5%. For open cycles, the vacuum impulse 
will be lower by an additional 1 to 2%. 
For purposes of thrust chamber design, the 94% vacuum impulse effi- 
ciency was considered to result from a characteristic exhaust velocity 
efficiency ( ) of 97%, which establishes thrust coefficient effi- 
C* 
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c i e n c y  as 96.91%. T h e o r e t i c a l  performance d a t a  r e q u i r e d  were g e n e r a t e d  
u s i n g  a computer program based  on a n a l y t i c a l  p rocedures  developed by 
S t u a r t  B r i n k l e y  (Reference 10).  JANAF thermochemical d a t a  were used f o r  
t h e  c a l c u l a t i o n s .  
t h e  NASA Lewis Research Center  combustion deck (Reference 11)  and found 
t o  a g r e e  t o  w i t h i n  0.2%. 
R e s u l t s  were compared w i t h  c a l c u l a t i o n s  made u s i n g  
Table  X I V .  P r e d i c t e d  Performance E x c l u s i v e  o f  Cycle Losses  
T h r u s t  
pc Chamber P r e s s u r e ,  
Mixture  R a t i o ,  r 
Nozzle  Expansion R a t i o  
T h e o r e t i c a l  Vacuum S p e c i f i c  
Impulse , Ivac 
Vacuum Impulse E f f i c i e n c y ,  
Ivac (%I 
D e l i v e r e d  Vacuum Impulse,  
Ivac 
T h e o r e t i c a l  C h a r a c t e r i s t i c  
V e l o c i t y ,  c;k 
C h a r a c t e r i s  t i c  V e l o c i t y  
E f f i c i e n c y ,  cy;, (%) 
D e l i v e r e d  C h a r a c t e r i s  t i c  
Exhaust  V e l o c i t y ,  c;k 
T h e o r e t i c a l  Vacuum T h r u s t  
C o e f f i c i e n t ,  CFvac 
Vacuum T h r u s t  C o e f f i c i e n t  
E f f i c i e n c y ,  CF 
D e l i v e r e d  Vacuum T h r u s t  
C o e f f i c i e n t  
P r o p e l l a n t  F l o w r a t e ,  w 
'Fvac 
Design 
P o i n t  
5000 l b  
(2268 kg) 
2 
800 psia 
(551.6 N / c m  ) 
5.25 
100 
431.9 l b f - s e c / l b ,  
(4235 N-sec/kg) ' 
94.0 
406 .O l b f - s e c / l b m  
(3981 N-sec/kg) 
7145 f t /sec 
(2178 m/sec) 
97 .o 
6931 f t / sec  
(2113 m/sec) 
1.945 
96.91 
1 885 
12.2 l b / s e c  
(5.53 kg/sec)  
Design 
P o i n t  
5000 lb 
(2268 kg) 
500 p s i a  
(344.7 N/cm2) 
5 .25  
60 
424.9 l b f - s e c / l b ,  
(4167 N-sec/kg) 
94.0 
399.4 l b f - s e c / l b ,  
(3917 N-sec/kg) 
7104 f t / sec  
(2165 m / s e c )  
97.0 
6800 f t / sec  
(2072 m/sec) 
1.865 
96.91 
1.865 
12.2 l b / s e c  
(5 -53 kg/sec)  
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2. Chamber Geometry 
a. Combustion Chamber 
The combustion chamber contraction ratio and length were based on 
consideration of injection and combustion requirements, engine weight, 
and heat transfer. 
Analysis under Contract NAS3-11190 showed that a contraction ratio 
of 4.0 provided acceptable injection thrust-per-element (77.0) and ele- 
ment densities for a 5000-lb ( 2 2 . 2 4  kN) thrust, 500-psia (344.7-N/cm ) 
chamber pressure floxlmethane thrust chamber, or the equivalent of 
Design Point 2 (Reference 6). For contraction ratios much below 4.0 
2 
the required element densities surpass what is regarded as current 
technology, i.e., approximately 3 per inch, if the thrust-per-element 
is maintained. To achieve the same thrust-per-element at 800 psia 
(551.6 N/cm ) a contraction ratio of 6.4 would be required. For a 
fixed chamber length, which was ultimately selected, such a high con- 
traction ratio would significantly increase L* requirements resulting 
in a substantially higher chamber weight and a coolant temperature rise. 
A contraction ratio of 5.0 and thrust-per-element of 100 appear to be 
a desirable compromise between engine size and injection requirements. 
2 
The subsonic portion of the thrust chamber used in Contract NAS3- 
11190 consisted of a throat section and two cylindrical spool pieces. 
The chamber length could be varied by removing one of the spool pieces, 
and in this manner the effect of chamber length on combustion efficiency 
and heat transfer was evaluated. The thrust chamber contours used in 
the preliminary regenerative cooling analysis were based on similar 
geometries, i.e., cylindrical combustion chambers, but with theoretical 
rather than experimental heat flux profiles. The flexibility of re- 
movable spool pieces is not required for a flightweight design, and the 
cylindrical chamber configuration has been found to cause several design 
problems. First, the rapid change in flow area and velocity in the 
throat entrance of the Contract NAS3-11190 cylindrical design was found 
to produce a higher than predicted heat flux upstream of the nozzle 
throat. Similar results have been found with other chambers having 
sharp convergence angles, and boundary layer theory predicts that the 
problem is reduced with more gradual convergence. Second, rapid 
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convergence a t  t h e  t h r o a t  i nc reases  t h e  L* f o r  a given chamber l eng th .  
I n  experimental  t e s t i n g  of a.65 element coax ia l  i n j e c t o r  i n  t h e  cy l in -  
d r i c a l  = 4.0  t h r u s t  chamber, a n  q * of  97% was demonstrated with an 
L* of 52, but only 95.5% was ob ta ined  with a n  L* of 30 (Reference 6 ) .  
However, i t  i s  be l ieved  t h a t  t h e  i n j e c t o r  was  no t  f u l l y  optimized, and 
fur thermore,  most experimental  d a t a  i n d i c a t e  combustion e f f i c i e n c y  i s  
r e l a t e d  more t o  a c t u a l  chamber length  than  t o  L*. For a g iven  chamber 
l eng th  t h e  engine weight and t o t a l  hea t  t r a n s f e r  i nc rease  wi th  inc reas ing  
L*. Therefore  a gradual  convergence chamber contour of a length  
approaching t h a t  of t he  Cont rac t  NAS3-11190 LJ; = 52 i n ;  (134.1 cm) 
chamber, bu t  with a r e s u l t i n g  lower LJ; was assumed; the  f i n a l i z e d  com- 
bus t ion  chamber contour  i s  shown i n  f i g u r e  57. 
C C 
Radius = 1.0 in. 
Radius as Required 
to Provide Design c C  
Figure 57. Combustion Chamber Contour FD 25589A 
The d i s t a n c e  from t h e  i n j e c t o r  p lane  t o  t h e  nozz le  t h r o a t  w a s  set 
a t  13.0 i n .  (33.02 cm).  Th i r t een  inches (33.02 cm) have been found t o  
* be an optimum combustion chamber' l eng th  i n  many experimental  inves t iga-  
t i o n s .  Experimental  flox/methane tests conducted under Contract NAS3- 
6296 (Reference 2) i nd ica t ed  t h a t  i n c r e a s i n g  t h e  chamber l eng th  from 
13 t o  23 i n .  (33.02 t o  58.42 cm) provided no measurable inc rease  i n  
performance. Under Contract  NAS3-11190, an inc rease  i n  l eng th  from 
9.5 t o  14.2 i n .  (24.13 t o  36.07 cm) provided a 1.6% inc rease  i n  charac te r -  
i s t i c  v e l o c i t y  e f f i c i e n c y  a t  a mixture  r a t i o  of  5.25 (Reference 6 ) .  
Thus, t h e  l i m i t e d  d a t a  f o r  flox/methane appear  t o  s u b s t a n t i a t e  t h e  
ex tens ive  d a t a  from o t h e r  p r o p e l l a n t  combinations t h a t  13.0 i n .  
(33.02 cm) i s  a reasonable  choice  f o r  t h r u s t  chamber length .  
t h e  s e l e c t e d  contour  and c o n t r a c t i o n  r a t i o ,  13.0 i n ,  (33.02 cm) 
Using 
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thrust chamber designs provide an L* of 42.5 in. (108.0 cm) at 
Design Point 1 and an L'k of 36.0 in. (91.44 cm) at Design Point 2 .  
b. Expansion Nozzle 
The exhaust nozzle contours for the two design points were estab- 
lished using P&WA's design method for truncated perfect nozzles 
(Reference 12). 
untruncated design area ratio (%) on performance as a function of the 
data shown are theo- exhaust nozzle diameter ratio ( D/D ) .  T 
retical isentropic thrust coefficients corrected for friction and 
divergence losses. The dotted lines define three methods of nozzle 
truncation which are commonly employed. The maximum C on the vertical 
line determines the maximum performance which can be achieved for a 
given nozzle length. The maximum C value on the horizontal line de- 
termines the maximum performance which can be achieved with a given 
nozzle expansion ratio. 
line defines the maximum performance obtainable with a given nozzle 
surface area (or nozzle weight). The three truncations are termed 
minimum length, maximum performance, and minimum surface nozzles, re- 
spectively. Another term commonly used by P&WA is "maximum payload 
nozzle." This truncation is based on an optimized trade-off between 
nozzle weight and performance as determined from numerous mission studies. 
Maximum payload nozzle performance (as determined by the C for a given 
area ratio) is approximately midway between that of the maximum per- 
formance and minimum surface nozzles. 
Figure 58 shows graphically the effect of length and 
The 'Fvac 
F 
F 
And the maximum C value on the constant A / F s 4 r  
F 
The nozzle truncation for the two design points was selected after 
consideration of the slope of a performance versus weight curve. 
Figure 59 shows predicted performance as a function of nozzle length for 
the two design points; the predicted variation in performance is based 
entirely on changes in the calculated friction and divergence losses, 
Figure 60 presents the calculated nozzle weight vs performance curve for 
the two design points based on a nozzle weight per unit area of 0.020 
lb/inz (1.406 gm/cm ) , approximated from channel dimensional require- 
ments established in preliminary studies. As in the case of engine 
weight treatment in the cycle selection described above, a trade-off 
factor of 20 lb (9.07 kg) of engine weight for 1 lbf-sec/lb 
2 
(9.81 N-sec/ m 
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kg) of s p e c i f i c  impulse was used. 
seen  i n  f i g u r e  60 t o  correspond t o  t h e  nozz le  weight v s  engine pe r fo r -  
mance curve a t  the  maximum performance t r u n c a t i o n .  I n  an  a c t u a l  a p p l i -  
The s lope  of t h i s  t rade-of f  f a c t o r  i s  
c a t i o n ,  t h e r e  would probably be  a v e h i c l e  i n t e r s t a g e  weight i nc rease  as- 
s o c i a t e d  wi th  increased  nozz le  l eng th  t h a t  could be s i g n i f i c a n t l y  g r e a t e r  
than  t h e . i n c r e a s e  i n  engine weight,  b u t  t h i s  cannot be e s t a b l i s h e d  without  
d e t a i l e d  d e f i n i t i o n  of t h e  v e h i c l e  design.  
f i g u r e  60 t h a t  t h e r e  i s  a "knee" i n  t h e  performance vs weight curve a t  
t h e  "maximum payload" p o i n t .  This  knee i s  common t o  v i r t u a l l y  a l l  en- 
g ine  des igns ;  t hus ,  most engines  w i l l  opt imize very  near  t h i s  knee, o r  
maximum payload p o i n t ,  f o r  a wide range of performance-weight t r adeof f  
f a c t o r s  and e f f e c t i v e  weights  pe r  u n i t  s u r f a c e  area ( inc lud ing  i n t e r -  
s t a g e  weight ) ,  and f o r  t h i s  reason,  a maximum payload t r u n c a t i o n  w a s  
s e l e c t e d  f o r  bo th  design po in t s .  
However, i t  can be  seen  from 
'0 1.0 2.0 3.0 4.0 5.0 ' 6.0 7.0 .8.0 9.0 
LENGTH/THROAT DIAMETER L/D t 
300 
140 
100 
80 
60 
40 
20 
Figure  58. Pe r fec t  Nozzle Contours FD 6268B 
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Figure  59. Nozz le  Length Optimizat ion DF 70854 
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F i g u r e  60. Nozz le  Weight Opt imiza t ion  DF 70855 
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Design va lues  f o r  t h e  nozz les  a t  the  two design p o i n t s . a r e  
sumrharized i n  t a b l e  XV, 
method, nozzle  contours  are t y p i c a l l y  descr ibed  i n  t e r m s  of a p e r f e c t  
nozzle  contour  t runca ted  t o  the des ign  area r a t i o ,  Therefore ,  f o r  a 
given expansion r a t i o ,  des ign  area r a t i o s  c l o s e  t o  t h e  a c t u a l  area 
r a t i o  produce longer  nozzles .  Other i n v e s t i g a t o r s  f r equen t ly  desc r ibe  
b e l l  nozzle  l eng th  i n  t e r m s  of a percentage of a 15 deg (0.262 r ad )  
ha l f -angle  con ica l  nozzle;  va lues  of t h i s  parameter are a l s o  included 
i n  t a b l e  XV f o r  comparison. It  should be noted t h a t  t h e  C va lues  used 
he re  are g r e a t e r  t han  those  used f o r  t he  performance p red ic t ions  of 
t a b l e  X I V ,  which are based upon achievement of 94% vacuum s p e c i f i c  
impulse e f f i c i e n c y ,  The d i f f e r e n c e s  provide margins f o r  K ine t i c  
l o s s e s ,  nozz le  - qc* i n t e r a c t i o n s ,  e tc . ,  o r  can simply be considered as 
conservat ism i n  t h e  c a l c u l a t i o n s .  
I n  accordance wi th  the  P r a t t  & Whitney design 
S 
Design 
Poin t  
1 
2 
Table XV. Nozzle Desc r ip t ion  
Chamber Truncated Untruncated % of 
P res su re  Expansion Expansion Conical  Length CS 
p s i a  (N/cm2) Ra t io  Rat io  Nozzle in .  (cm) (%> 
800 (551.6) 100 16 2 89.4 30.75 (78.11) 97.84 
500 (344.7) 60 95 84.1 27.56 (70.00) 97.82 
3. Coolant Passage Geometry 
The t h r u s t  chamber i n t e r n a l  cool ing  passage geometry f o r  t h e  
expander and a u x i l i a r y  h e a t  exchanger cyc les  a t  Design Po in t s  1 and 2 
i s  shown i n  f i g u r e s  61 through 64. 
w e r e  designed f o r  a \/Qp of 1.0 and a maximum hot  w a l l  temperature  of 
2160"R (1200°K). 
both a u x i l i a r y  h e a t  exchanger cyc le s  and f o r  t h e  expander cyc le  a t  t h e  
800 p s i a  (551.6-N/cm ) chamber p re s su re  l e v e l .  The chamber coolan t  
passages f o r  t he  500-psia (344.7-N/cm ) expander cyc le  (Design Po in t  2) 
were designed t o  permit  up ra t ing  t o  8,000-lb (35.59 kN) t h r u s t .  The 
coolant  f low path f o r  t h e  a u x i l i a r y  h e a t  exchanger i s  shown i n  f i g u r e  
65. This  conf igu ra t ion  al lows t h e  hea t  exchanger f o r  t u r b i n e  flow t o  
In a l l  i n s t a n c e s ,  t h e  passages 
The geometry w a s  e s t a b l i s h e d  a t  t h e  d e s i g n  p o i n t s  f o r  
2 
2 
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be a n - i n t e g r a l  p a r t  of t h e  t h r u s t  chamber and t o  be loca ted  i n  a low 
h e a t  f l u x  reg ion  w i t h  minimum manifolding. The t h r u s t  chamber flow 
t r a v e r s e s  t h e  j a c k e t  i n  a s i n g l e  pass  counter  t o  t h e  cambustion gas 
flow. 
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Figure 61. Thrust  Chamber Cooling Passage GS 95758 
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Figure 62. Thrust  Chamber Cooling Passage FD 29219 
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Figure 64. Thrust Chamber Cooling Passage GS 9577A 
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Figure 65. Auxi l ia ry  Heat Exchanger Con- FD 25588 
f i g u r a t i o n  
Major coolan t  channel dimensions and nominal design p o i n t  cool ing  
condi t ions  are summarized i n  t a b l e  X V I  f o r  t h e  a u x i l i a r y  h e a t  exchanger 
and expander cyc les  a t  both des ign  p o i n t s .  
exchanger cyc le ,  both t h e  main t h r u s t  chamber and a u x i l i a r y  hea t  
exchanger cool ing  cond i t ions  are l i s t e d .  Also included i n  t a b l e  X V I  
are t h e  cool ing  condi t ions  f o r  t h e  Design Po in t  2 expander c y c l e  uprated 
t o  8000-lb (35.59 kN) t h r u s t  (Design P o i n t  2A). The j a c k e t  p re s su re  
drops shown i n  t a b l e  X V I  are s u b s t a n t i a l l y  h ighe r  than  those  o r i g i n a l l y  
p red ic t ed  i n  t h e  pre l iminary  r egene ra t ive  cool ing  a n a l y s i s .  This  is  
because of t h e  increased  chamber l eng th  s e l e c t e d  f o r  t h e  f i n a l  a n a l y s i s  
and t h e  more conserva t ive  l i m i t a t i o n  of design S/Qp = 1.00 f o r  a 
maximum chamber w a l l  temperature  of 2160"R (1200'K) (\/Q 
used i n  t h e  pre l iminary  work). 
t a b l e  X V I  r e f l e c t  temperatures  f o r  a Q / Q  
i n  a c t u a l  usage, r a t h e r  than  t h e  des ign  va lue  of 1.0. Because t h e  
coolan t  passage geometry f o r  t h e  Design Poin t  2 expander cyc le  w a s  
based on an 8000-lb (35.59 kN) t h r u s t  ope ra t ing  level  t o  a l low t h e  
up ra t ing  c a p a b i l i t y ,  (design a t  t h e  h ighe r  r e fe rence  p o i n t  provided a 
f u r t h e r  r educ t ion  i n  t h e  5000-lb (22.24 kN) t h r u s t  w a l l  temperature.  
For t h e  a u x i l i a r y  h e a t  
= 0.90 w a s  
P 
of 0.90, t h e  va lue  p red ic t ed  
The maximum w a l l  temperatures  given i n  
m P  
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Table X V I .  Cooling Channel Dimensions and Cycle Design Pointg: 
Cooling Conditions 
Thrust 
Chamber Pressure 
Jacket Inlet Pressure 
Jacket AP 
Jacket Outlet Temperature 
Maximum Wall Temperature 
Passage Depth 
No. of Passages at throat 
Minimum Passage Width 
Auxiliary Heat Exchanger 
Area Ratio Inlet Manifolc 
Number of Passages 
Passage Depth 
Minimum Passage Width 
Outlet Temperature 
Pressure Drop 
Maximum Wall Temperature 
Expander Cycle 
k s  ign Design Design 
?oint Point Point 
1 2 2A 
io00 lb 
12240 N 
2 300 psia j51.6 N/cm 
,210 psia 
1448 N/cm 
b98 psi 
343.4 Nlcm 
1560°R 
366.7'K 
!030°R 
2 
L128'K 
1.043 in. 
1.1092 cm 
14 1 
1.021 in. 
).0544 cm 
5000 lb 
22240 N 
2 
500 psia 
344.7 N/cm 
1231 psia 
848.8 ~ i c m  
335 psi 
231.0 N/cm 
1415 '~  
7 8 6 . 1 0 ~  
1911°R 
1061'K 
0.051 in. 
0.1296 cm 
163 
0.026 in. 
0.0661 cm 
8000 lb 
35590 N 
800 psia 
551.6 N/cm 
2053 psia2 
1415 N/cm 
457 psi 
315.1 N/cm 
1340'R 
744.4'K 
2006'R 
1114% 
0.051 in. 
0.1296 cm 
163 
0.026 in. 
0.0661 cm 
Auxiliary Heat 
Exchanger Cycle 
Design Design 
Point Point 
5000 lb 
22240 N 
800 psia 
551.6 N/cm 
1472 psia 
1015 N / c m 2  
444 psi 
306.1 N/cm 
1332'R 
739.4'K 
1966'R 
1092'K 
0.047 in. 
0.1193 crn 
136 
0.023 in. 
0.0584 cm 
23.4 
625 
0.015 in. 
0.0381 cm 
0.025 in. 
0.661 cm 
1700°R 
9h4.4'K 
10 psi 
6.90 Nlcm 
1725OR 
958.3'K 
5000 lb 
22240 N 
500 psia 
344.7 N/cm 
856 psia 
590.2 N/cm 
267 psi 
184.1 N/cm 
1331'R 
7 2 2.8 'I< 
1989'R 
1105'K 
0.060 in. 
0.1523 cm 
151 
0.030 in. 
0.0762 cm . 
2 
33.3 
910 
0.015 in. 
0.0381 cm 
0.025 in. 
0.661 cm 
1700°R 
944.4'K 
5 psi 
3.45 N/cm 
1725OR 
958.3'K 
J- Qm/Q = 0.90, r= 5.25 
P 
4 .  Off-Design Cooling C h a r a c t e r i s t i c s  
a e Requirements 
The off-design cool ing  c h a r a c t e r i s t i c s  of t h e  t h r u s t  chambers were 
evaluated over t h e  fo l lowing  ranges of opera t ing  v a r i a b l e s  : 
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Design Po in t  1 Design Poin t  2 
C 
P 80 t o  800 p s i a  (55.16 50 t o  500 p s i a  (34.47 t o  
t o  5516 N/cm2) 344.7 N/cm2)  ; 50-809 ps ia .  
(34.47 t o  5516 N/cm ) 
f o r  t h e  expander cyc le  
0.76 - 1.2 0.76 - 1.2 
2.4 - 4.0 2.4 - 4.0 ’in/’c 
r 4.0 - 5.75 4.0 - 5.75 
The e n t i r e  ranges of coolan t  p re s su re  drop, coolan t  bulk temperature  
rise, and maximum t h r u s t  chamber w a l l  temperatures  of i n t e r e s t  f o r  t he  
fou r  ope ra t ing  v a r i a b l e s  can b e  eva lua ted  pa rame t r i ca l ly  wi th  seven 
sets  of curves  f o r  each cyc le  and design po in t .  Representa t ive  curves 
f o r  t h e  expander cyc le  a t  Design Po in t  1 are given i n  f i g u r e s  66 through 
68. A complete set of curves f o r  a l l  cyc les  and design p o i n t s  i s  
included i n  Appendix A ( f i g u r e s  A-25 through A-36). 
J acke t  p re s su re  l o s s  can b e  represented  by t h r e e  sets of curves  as 
shown i n  f i g u r e  66. Base AP/P d a t a  w e r e  c a l c u l a t e d  a t  a mixture  r a t i o  
of 5.25 and a Qm/Q 
curves  as a func t ion  of chamber p re s su re  wi th  l i n e s  of cons t an t  
P /P . The o t h e r  i n f luence  curves i n  t h e  i l l u s t r a t i o n  provide 
c o r r e c t i o n s  t o  t h e  base  d a t a  f o r  changes i n  mixture  r a t i o  o r  Q / Q  . 
It w a s  e s t a b l i s h e d  t h a t  t h e  in f luence  f a c t o r s  were independent of t h e  
o t h e r  ope ra t ing  v a r i a b l e s .  S i m i l a r  curves  f o r  de te rmina t ion  of jacket 
temperature  rise and f o r  de te rmina t ion  of t h e  maximum w a l l  temperatures  
are shown i n  f i g u r e s  67 and 68, r e spec t ive ly .  The e f f e c t  of i n l e t  
p re s su re  on t h e  jacket temperature  rise and on w a l l  temperature  is  
n e g l i g i b l e ;  t h e r e f o r e  no i n f l u e n c e  curves are shown f o r  t h e s e  v a r i a b l e s ,  
C 
of 1.0. These d a t a  are shown i n  t h e  t o p  set of 
P 
i n  c 
m P  
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F i g u r e  66 .  T h r u s t  Chamber Cooling Charac- 
t e r i s t i c s  Design I - Expander 
Cycle  J a c k e t  P r e s s u r e  Drop 
DF 70858 
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F i g u r e  6 7 .  T h r u s t  Chamber Cooling Charac- 
t e r i s t i c s  Design I - Expander 
Cycle  Bulk Temperature R a t i o  
DF 70859 
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Figure  68. Thrus t  Chamber Cooling Charac- DF 70860 
t e r i s t i c s  Design I Expander Cycle 
Maximum Wall Temperature 
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b. Maximum Wall Temperature 
F igures  69 and 70 p re sen t  maximum w a l l  temperature  as a func t ion  of 
t h r u s t  f o r  t h e  expander cyc le  a t  Design Poin ts  1 and 2. Wall tempera- 
t u r e  vs t h r u s t  w a s  a l s o  ca l cu la t ed  f o r  t h e  a u x i l i a r y  hea t  exchanger 
cyc le ,  and both des ign  po in t s  were found t o  have va lues  nea r ly  
i d e n t i c a l  t o  those shown f o r  t h e  expander cyc le  a t  Design Poin t  2. The 
s m a l l  i n c r e a s e  i n  w a l l  temperature  a t  reduced t h r u s t  over t h a t  a t  
design po in t  encountered w i t h  t h e  expander c y c l e  a t  Design Poin t  1 i s  
not a problem because t h e  i n t e r n a l  p re s su res  are s o  g r e a t l y  reduced a t  
t h r o t t l e d  cond i t ions  t h a t  stress is not  a problem. However, t h e  high 
w a l l  temperatures  p red ic t ed  a t  a l l  t h r u s t  levels f o r  Q /Q va lues -ove r  
1.0 i n d i c a t e  t h a t  a severe  problem may be  encountered i f  l o c a l  h e a t  
f l u x e s  cannot be  con t ro l l ed .  
m P  
c. Coolant Temperature 
Figure 71  shows t h e  c a l c u l a t e d  coolan t  bu lk  o u t l e t  temperature as a 
func t ion  of mixture  r a t i o  and Q /Q 
m P  
Poin t  1. A curve showing t h e  in f luence  of mixture  r a t i o  on coolant  
o u t l e t  temperature  i s  a l s o  included.  The curves show s i g n i f i c a n t  
i nc reases  i n  o u t l e t  temperature  as t h r u s t  i s  decreased. It i s  d e s i r a b l e  
t o  keep t h e  f u e l  temperature i n  t h e  t h r u s t  chamber coolan t  passages 
below t h e  i n c i p i e n t  thermal decomposition temperature  (T ) t o  prevent  
carbon formation and poss ib l e  fou l ing  o r  plugging of t h e  coolant  
passages.  I n  Reference 5,  t h e  po in t  of i n c i p i e n t  thermal decomposition 
of methane was taken a s  1865"R (1036°K) based on an a r b i t r a r y  decomposition 
l i m i t  of 1.0% p e r  hour. The l i m i t i n g  decomposition temperature was eva l -  
ua ted  a t  t h e  f i l m  temperature ( the  mean va lue  of the  coolan t  s i d e  wa l l  
temperature and t h e  coolan t  bulk temperature) ,  which i s  on the  o rde r  of 
50" t o  200"R (27.78 t o  lll.l°K) above the coolan t  bulk temperature.  
the coolan t  o u t l e t  temperatures ind ica t ed  i n  f i g u r e  7 1  would l i m i t  t h r o t t l i n g  
unless  Qm/Q was maintained a t  a low va lue  o r  the  mixture  r a t i o  a t  low t h r u s t  P 
was reduced, 
f o r  t h e  expander cyc le  a t  Design 
ID 
Thus, 
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Figure 69. Thrust Chamber Cooling Character- 
istics Design Point 1 - Expander 
Cycle Maximum Wall Temperature 
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Figure 70. Thrust Chamber Cooling Character- 
istics Design Point 2 - Expander 
Cycle Maximum Wall Temperature 
GS 95808 
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Figure 71.  Thrust  Chamber Cooling Character-  GS 95818 
i s t i c s  Design Point  1 - Expander 
Cycle Bulk Temperature 
Figure 72 shows t h e  minimum chamber p re s su re  obta inable  wi th  t h e  
expander cyc le  a t  Design Po in t  1 as  a func t ion  of Qm/Q, and mixture 
r a t i o  when t h e  1865'R (1036'K) f i l m  temperature l i m i t  i s  observed. 
For cons tan t  mixture  r a t i o  t h r o t t l i n g  t o  10% t h r u s t ,  9 , / Q p  would be 
l i m i t e d  t o  approximately 0.77. On t h e  o t h e r  hand, f o r  a Q / Q  of 0.9,  
mixture  r a t i o  would have t o  be reduced t o  below 4.3 t o  maintain a 
s a t i s f a c t o r y  f i l m  temperature.  
m P  
The f i l m  temperature l i m i t a t i o n  on t h r o t t l i n g  ind ica t ed  i n  f i g u r e  
72 w a s  found t o  be  res t r ic t ive  only f o r  t h e  expander cyc le  a t  Design 
Poin t  1. Figure 73 compares t h e  f i l m  temperature  l i m i t s  a t  10% t h r u s t  
f o r  a l l  fou r  cases  s tud ied .  The curves show t h e  maximum Q / Q  va lue  
t h a t  can be t o l e r a t e d  f o r  a given va lue  of mixture  r a t i o .  It can b e  
seen  t h a t  f o r  cons tan t  mixture  r a t i o  t h r o t t l i n g  a t  t h e  design mixture  
r a t i o  of 5.25, wh i l e  t h e  expander cyc le  a t  Design Poin t  1 i s  l i m i t e d  t o  
a Q / Q  
m P  m P  
m P  
va lue  of 0.77, t h e  o the r  t h r e e  cases have nea r ly  equal  Q / Q  
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l i m i t s  of 0.90 t o  0.95. 
t h a t  f o r  c h a r a c t e r i s t i c  v e l o c i t y  e f f i c i e n c i e s  of 97% and h igher  
va lues  of approximately 0.90 w i l l  be achieved (Reference 6 ) .  Thus, 
cons tan t  mixture  r a t i o  t h r o t t l i n g  would be f e a s i b l e  i n  t h r e e  of t h e  
four  cases. 
Tes t ing  under Contract  NAS3-11190 has  ind ica t ed  
%'Qp 
Film Temperature 
(1036'K) 
Limit = 1865OR QJQ, = 0.S 
4.0 4.5 5.0 5.5 I 
MIXTURE RATIO, r 
Figure  72. Expander Cycle Fuel Decomposition GS 9582A 
L i m i t s  Design Poin t  1 
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Figure 73. Thrust  Chamber Fuel Decomposition GS 9621 
L i m i t s  a t  10% Thrust  
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d. Bulk Boi l ing  
A t  f u l l  t h r u s t ,  s u p e r c r i t i c a l  condi t ions  are maintained throughout 
t h e  cool ing j a c k e t  f o r  a l l . f o u r  cases ;  however, bu lk  b o i l i n g  occurs  a t  
t h r o t t l e d  condi t ions .  A s  d i scussed  i n  d e t a i l  i n  Reference 5, f i l m  
b o i l i n g  is almost always encountered wi th  bulk  b o i l i n g ,  and t h e  
i n i t i a t i o n  of f i l m  b o i l i n g  may r e s u l t  i n  excess ive  l o c a l  w a l l  tempera- 
t u r e s .  Therefore ,  d e t a i l e d  a n a l y s i s  of t h e  cool ing  i n  t h e  bulk-boi l ing 
reg ion  w a s  deemed necessary.  The most severe bulk b o i l i n g  condi t ion  
w a s  found t o  occur a t  t h e  maximum Q /Q  and minimum t h r u s t .  Table  X V I I  
l ists  t h e  maximum w a l l  temperature  encountered i n  t h e  bulk-boi l ing 
region a t  10% t h r u s t  and a Q /Q of 1 .0 ,  and i d e n t i f i e s  t he  po in t  i n  
m P  
t h e  nozzle  where bulk  b o i l i n g  i s  complete. The s tudy  ind ica t ed  t h a t  
t h e  conf igu ra t ion  of the  coolant  f l o w  pa th  r e s u l t s  i n  a s u b s t a n t i a l l y  
h igher  b o i l i n g  reg ion  w a l l  temperature wi th  t h e  a u x i l i a r y  hea t  exchanger 
c y r l e  than wi th  t h e  expander cyc le .  EIowever, nvtie oE t h e  peak tempera- 
t u re s  encountered were excessive.  A t  in te rmedia te  t h r u s t s  t h e  
ca l cu la t ed  w a l l  temperatures  i n  t h e  b o i l i n g  region were less than those 
shown i n  t a b l e  X V I I .  However, wi th  t h e  a u x i l i a r y  hea t  ecchanger cyc le ,  
n e a r - c r i t i c a l  cool ing  i s  encountered i n  t h e  high hea t  f l u x  reg ions  
(near  t h e  dome on a T-H diagram) a t  in te rmedia te  t h r u s t  l e v e l s ,  and t h e  
v a l i d i t y  of t h e  b o i l i n g  r e l a t i o n s h i p s  i s  more ques t ionable  i n  t h i s  
regime than  i n  any o the r  area. 
m P  
Table XVII. Bulk Boi l ing  Resul t s  
Cycle 
Expander 
Expander 
Aux Hex 
Aux Hex 
Design 
Po in t  
Max Wall Temp 
i n  Boi l ing  Region 
6 1 1 O R  ( 3 3 9 . 4 " K )  
6 5 7 " R  ( 3 6 5 . 0 " K )  
1 5 0 3 ' R  ( 8 3 5 . 0 " K )  
1 1 4 6 " R  (636.7"K) 
Area Rat io  Where 
Boil ing i s  Complete 
26.0 
- 
17.0 
3.6 
5.8 
F. CYCLE ENERGY BALANCE 
1. Design Poin t  Cycle Balances 
The cri teria f o r  t h e  des ign  p o i n t  cyc le  ba lances  i n  t h e  f i n a l  
eva lua t ion  w e r e  i d e n t i c a l  t o  t he  c r i t e r i a  e s t a b l i s h e d  f o r  t h e  i n i t i a l  
sc reening  wi th  t h e  except ion of t h e  cool ing  j a c k e t  pressure  drop and 
114 
temperature  r ise d a t a ,  which w e r e  r ev i sed  a f t e r  s e l e c t i o n  of cyc les  f o r  
d e t a i l e d  ana lys i s .  
expander cyc le  engine a t  Design Poin t  1. The cyc le  w a s  balanced with 
a t u r b i n e  bypass flow of 10%. 
i s  60,000 rpm (6283 r ad / s )  and t h e  ox id ize r  pump speed is 30,000 rpm 
(3141 r a d / s ) .  
the  f u e l  pump d ischarge  pressure  vs  speed curve prepared e a r l i e r .  
The f u e l  pump d ischarge  pressure  requi red  t o  balance t h e  cyc le  w a s  
2210 p s i a  (1524 N/cm2). 
F igure  74 shows t h e  cyc le  schematic f o r  t h e  
The f u e l  pump-turbine r o t a t i a n a l  speed 
These speeds were chosen a t  t h e  approximate knee of 
The cyc le  schematic f o r  t he  expander cyc le  a t  Design Po in t  2 i s  
shown i n  f i g u r e  75. 
t h e  c a p a b i l i t y  of up ra t ing  t o  a t h r u s t  level of 8000-lb (35.59 kN) . 
The cool ing  j a c k e t  passages and i n j e c t o r  flow areas w e r e  s i z e d  f o r  t h e  
uprated t h r u s t  l e v e l ,  and the  turbomachinery speeds were s e l e c t e d  s o  t h a t  
they would be wi th in  acceptab le  l e v e l s  over the  e n t i r e  range of opera t ion .  
A t  the  des ign  po in t  (5000-lb o r  22.24-kN t h r u s t ) ,  the  tu rb ine  bypass flow 
was 25%, the  ox id ize r  i n j e c t o r  pressure  drop was 15.8% of chamber pres- 
s u r e ,  the fue l - to-oxid izer  i n j e c t i o n  momentum r a t i o  was 3.42, t h e  f u e l  
pump-turbine speed was 50,500 rpm (5288 rad /s )and  the ox id ize r  pump speed 
was 25,250 r p m  (2644 r a d / s ) .  
t o  balance the  cyc le  was 1231 p s i a  (848.8 N / c m 2 ) .  
A s  noted above, a des ign  goa l  f o r  t h i s  engine w a s  
The f u e l  pump d ischarge  pressure  requi red  
The c y c l e  schematics f o r  t he  a u x i l i a r y  h e a t  cyc le  engines a r e  shown 
i n  f i g u r e s  76 and 77. The tu rb ine  i n l e t  p ressure  f o r  both designs was 
se t  a t  300 p s i a  (206.8 N/cm2), which w a s  e s t a b l i s h e d  as a near-optimum 
value  i n  e a r l i e r  ana lyses .  The r o t a t i o n a l  speeds were se t  a t  60,000 rpm 
(6283 r a d / s )  f o r  t he  f u e l  pump and t u r b i n e ,  and 30,000 rpm (3141 r a d / s )  
f o r  t he  ox id ize r  pump. These va lues  were s e l e c t e d  a t  the  knee of the  cyc le  
impulse loss vs speed curves prepared ear l ie r .  The de l ive red  impulse 
levels are 399.0 lb f - sec / lbm (3913 N-sec/kg) a t  Design Poin t  1 and 
394.9 lb f - sec / lbm (3873 N-sec/kg) a t  Design Poin t  2. 
less than the  expander cyc le  by 5.4 and 2.9 1bf-sec/ lbm (52.96 and 
28.40 N-sec/kg) f o r  Design Poin ts  1 and 2, r e spec t ive ly .  
These va lues  a r e  
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The cool ing  j a c k e t  d i scharge  temperature f o r  the  a u x i l i a r y  h e a t  
exchanger a t  Design Poin t  1 was 1332"R (740.0"K) a s  compared t o  the 
1143"R (635OK) ca l cu la t ed  i n  t h e  i n i t i a l  screening.  Because of t h e  
increased  j a c k e t  d i scharge  temperature ,  a f u e l  tapof f  cyc le  w a s  
considered. This  cyc le  is  i d e n t i c a l  t o  t h e  a u x i l i a r y  h e a t  exchanger 
cyc le  except  t h a t  t h e  s e p a r a t e  h e a t  exchanger f o r  t h e  t u r b i n e  flow is  
no t  requi red .  The t o t a l  f u e l  f low i s  routed  through t h e  cool ing  j a c k e t ,  
and t h e  r equ i r ed  t u r b i n e  flow i s  ex t r ac t ed  a t  t h e  j a c k e t  discharge.  
With t h i s  cyc le ,  t h e  t u r b i n e  i n l e t  temperature  is  lower than  t h a t  
ob ta inab le  wi th  a s e p a r a t e  h e a t  exchanger. Therefore ,  h igher  cyc le  
impulse l o s s e s  are incu r red ,  bu t  t h e  complexity of t h e  a d d i t i o n a l  h e a t  
exchanger i s  e l imina ted ,  Table X V I I I  compares t h e  f u e l  tapof f  cyc le  
wi th  t h e  a u x i l i a r y  h e a t  exchanger cycle .  The f u e l  pump d ischarge  
p res su re  r equ i r ed  f o r  t h e  f u e l  tapof f  cyc le  i s  278 p s i  (191.7 N/cm2) 
g r e a t e r  than t h a t  requi red  f o r  the  a u x i l i a r y  h e a t  exchanger cyc le ,  
Also, an a d d i t i o n a l  impulse l o s s  of 2.4 l b  -sec/ lbm (23.54 N-sec/kg) i s  
incu r red  wi th  t h e  f u e l  tapof f  cyc le .  The increased  f u e l  pump d ischarge  
p res su re  is  caused p r imar i ly  by an i n c r e a s e  i n  the  coolant  p re s su re  
drop i n  t h e  reg ion  of t h e  t h r o a t .  The increased  impulse l o s s  i s  
caused by t h e  combination of t h e  reduced t u r b i n e  i n l e t  temperature ,  
t h e  d i f f e r e n c e  i n  t h e  reg ion  i n  which h e a t  l o s t  t o  t h e  t u r b i n e  i s  
e x t r a c t e d ,  and t h e  increased  horsepower requirements of t h e  f u e l  pump. 
Based on t h e s e  cons ide ra t ions ,  no f u r t h e r  a t t e n t i o n  w a s  given t o  t h e  
tapoff  arrangement, and t h e  a u x i l i a r y  h e a t  exchanger cyc le  w a s  r e t a ined  
f o r  t h e  off-design ana lys i s .  
Table X V I I I .  
f 
Fue l  Tapoff Cycle Comparison, Design Po in t  1 
Chamber Pressure  
Chamber Mixture R a t i o  
Qm'Qp 
Turbine Speed 
Fuel  Tapof f Cycle 
800 p s i a  
(551.6 N/cm2) 
5.25 
0.9 
60,000 rpm 
(6283 r ad / s )  
Auxi l ia ry  Heat 
Exchanger Cycle- 
800 p s i a  
(551.6 N/cm2) 
5.25 
0.9 
60,000. rpm 
(6283 r a d / s )  
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Table X V I I I .  Fue l  Tapoff Cycle Comparison, Design Po in t  1 (Cont'd) 
Fuel Pump Discharge Press. 
I Turbine I n l e t  Temp I 1425"R (806.7"K) I 1700"R (944.4"K) I 
1750 p s i a  
(1207 N/cm2) 
395.7 lbf-sec/ lbm 
(3890 N-sec/kg) 
1472 p s i a  
(1015 N/cm2) 
399.0 lb f - sec / lbm 
(3913 N-sec/kg) 
Vacuum Impulse 
2. Off-Design Cycle Balances 
Var i a t ions  i n  t h r u s t ,  Qm/Qp, and mixture  r a t i o  were eva lua ted  i n  the  
off-design s t u d i e s .  The engine conf igu ra t ion  f o r  t h e s e  s t u d i e s  w a s  
i d e n t i c a l  t o  t h e  conf igu ra t ion  e s t a b l i s h e d  a t  t h e  design poin t .  The 
r e s u l t s  of t h e  off-design c a l c u l a t i o n s  f o r  t h e  expander cyc le  a t  Design 
Poin t  1 are summarized i n  t a b l e  X I X .  The f i r s t  t h r e e  columns show t h e  
e f f e c t  of v a r i a t i o n s  i n  Qm/Q . 
bypass f low inc reases  from 5.3% a t  a Qm/Q 
Qm'Qp 
r a t i o .  A t  a mixture  r a t i o  of 4.75 t h e  t u r b i n e  speed i s  increased  by 
3170 rpm (332.0 r a d / s ) ,  and the tu rb ine  bypass flow i s  reduced by 1%. 
A mixture  r a t i o  po in t  of 5.75 w a s  a l s o  attempted b u t  t h e  c a l c u l a t i o n  
f a i l e d  because t h e  engine,  as conf igured ,  d id  no t  have s u f f i c i e n t  
c o n t r o l  c a p a b i l i t y  i n  t h e  ox id ize r  c o n t r o l  valve. This  cond i t ion  could 
b e  cor rec ted  e a s i l y  by providing an increased  ox id ize r  c o n t r o l  va lve  
p re s su re  drop a t  t h e  des ign  poin t .  The las t  two columns of t a b l e  X I X  
show t h e  e f f e c t  of t h r o t t l i n g  t o  10% t h r u s t .  The engine w a s  t h r o t t l e d  
by opening t h e  t u r b i n e  bypass flow area s o  t h a t  i t  passed 50.7% of t h e  
t o t a l  f u e l  f low a t  minimum t h r u s t .  Because of t h e  methane coking l i m i t ,  
i t  w a s  necessary  t o  reduce mixture  r a t i o  t o  4.3 a t  t h e  10% t h r u s t  level. 
A t  t h e  10% t h r u s t  l e v e l ,  t h e  ox id ize r  i n j e c t o r  pressure  drop w a s  2.1 
p s i  (1.448 N/cm ) or  2.6% of chamber pressure .  This i s  obviously 
undes i rab le  f o r  good combustion s t a b i l i t y  so ,  i f  t he  l i m i t a t i o n  on 
The e f f e c t s  are minimal; t h e  t u r b i n e  
P 
of 0.76 t o  12.4% a t  a 
P 
of 1.0.  The f o u r t h  column shows t h e  e f f e c t  of reducing mixture  
2 
ox id ize r  i n j e c t o r  pressure  drop a t  des ign  po in t  i s  accepted,  a 
t h r o t t l i n g  i n j e c t o r  w i l l  be r equ i r ed  t o  t h r o t t l e  t o  10% t h r u s t ,  
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The r e s u l t s  of off-design c a l c u l a t i o n s  f o r  t h e  expander cyc le  a t  
Design Po in t  2 are summarized i n  t a b l e  XX. The f i rs t  t h r e e  columns 
show t h e  e f f e c t  of v a r i a t i o n s  i n  t h e  Qm/Q 
t h r u s t .  Again, t h e  e f f e c t s  were minimal; t he  t u r b i n e  bypass . f low in- 
creased from 22% a t  Qm/Qp of 0.76 t o  28% a t  a Qm/Qp of 1.0 Columns 4 
and 5 show the  e f f e c t  of v a r i a t i o n s  i n  mixture  r a t i o  t o  4.75 and 5.75.  
Columns 6 through 9 show the  e f f e c t  of v a r i a t i o n s  i n  Qm/Qp a t  t he  upra ted  
t h r u s t  level. Again t h e  e f f e c t s  are minimal; t u r b i n e  bypass flow in -  
creased from 6% a t  a Qm/Q 
and 10 show the  e f f e c t  of t h r o t t l i n g  t o  10% t h r u s t .  A s  i n  the  case of 
Design Poin t  1, the  ox id ize r  i n j e c t o r  pressure  drop w a s  too low f o r  
level a t  5000-lb (22 .24  kN) 
P 
of 0.76 t o  13% a t  a Qm/Qp of 1.0. Columns 9 
P 
good combustion and con t ro l  system s t a b i l i t y  a t  the  10% t h r u s t  l e v e l ,  
i n d i c a t i n g  a n e c e s s i t y  f o r  a t h r o t t l i n g  i n j e c t o r ,  A dual  o r i f i c e  
t h r o t t l i n g  i n j e c t o r  w a s  eva lua ted  f o r  t h i s  engine and i s  d iscussed  l a t e r  
i n  paragraph C.3. 
The r e s u l t s  of t h e  off-design c a l c u l a t i o n s  f o r  t h e  a u x i l i a r y  h e a t  
exchanger cyc le  engines  are summarized i n  t a b l e s  XXI and XXII. 
I n i t i a l l y ,  i t  w a s  f e l t  t h a t  t h e  t u r b i n e  flow f o r  t h i s  cyc le  could be 
con t ro l l ed  wi th  a s i n g l e  t h r o t t l e  valve loca ted  upstream of t h e  tu rb ine .  
However, w i t h  t h i s  type  of c o n t r o l  t he  f i l m  temperature i n  t h e  a u x i l i a r y  
hea t  exchanger coolan t  passages exceeded t h e  methane coking l i m i t  dur ing  
off-design opera t ion ,  because t h e  t u r b i n e  flow necessary  t o  provide t h e  
requi red  pump power w a s  less than t h e  flow requi red  t o  maintain accept- 
ab le  f i l m  temperatures .  Therefore ,  a t u r b i n e  bypass c o n t r o l  w a s  added 
i n  a d d i t i o n  t o  t h e  t h r o t t l e  valve. With t h e  two-valve system, t o t a l  
a u x i l i a r y  hea t  exchanger f low can be c o n t r o l l e d  a t  a level t h a t  
maintains  t h e  d ischarge  temperature below 1700'R (944.4"K) over t h e  en t i r e  
ope ra t ing  range. 
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The f i r s t  t h r e e  columns i n  t h e  off-design d a t a  summary t a b l e s  show 
t h e  e f f e c t  of v a r i a t i o n s  i n  Qm/Q and t h e  remainder of t h e  columns 
show t h e  e f f e c t  of t h r o t t l i n g  t o  10% t h r u s t .  It w i l l  b e  noted t h a t  
increased  cyc le  l o s s e s  are incur red  when Q / Q  
decreases  from t h e  design po in t  value.  The a u x i l i a r y  h e a t  exchanger 
is  s i z e d  a t  t h e  design p o i n t  t o  provide  a d ischarge  temperature  of 
1700'R (944.4'K) a t  a Qm/Q of 0.9. A t  Qm/Q values less than 0.9, 
the  tu rb ine  i n l e t  temperature i s  reduced, and t h e  c y c l e  l o s s e s  a r e  
increased.  A t  Qm/Qp va lues  g r e a t e r  than 0.9 ,  t h e  h e a t  exchanger flow 
must be increased  over t h a t  requi red  by t h e  t u r b i n e  t o  maintain a h e a t  
exchanger o u t l e t  temperature  of 1700"R (944.4"K). The excess  flow i s  
bypassed around t h e  t u r b i n e  and aga in  t h e  cyc le  impulse l o s s e s  are 
increased .  A s  wi th  t h e  expander cyc le ,  o x i d i z e r  i n j e c t o r  p re s su re  
drops a t  10% t h r u s t  were found t o  be  inadequate ,  i n d i c a t i n g  a probable  
requirement f o r  a t h r o t t l i n g  i n j e c t o r .  
P '  
e i t h e r  i nc reases  o r  
m P  
P P 
3.  Dual O r i f i c e  T h r o t t l i n g  I n j e c t o r  
A dua l  o r i f i c e  t h r o t t l i n g  i n j e c t o r  w a s  eva lua ted  f o r  t h e  expander 
cyc le  as Design Po in t  2. The c o n t r o l  schematic  f o r  t h i s  i n j e c t o r  i s  
shown i n  f i g u r e  78. 
demonstrated t h a t  e x c e l l e n t  performance can be obtained over  a wide 
t h r o t t l i n g  range wi th  t h i s  i n j e c t o r  concept.  
Under t h r e e  A i r  Force c o n t r a c t s ,  i t  has  been 
Oxidizer Pump 
Oxidizer 
Control Valve 
Figure 78. T h r o t t l i n g  I n j e c t o r  Control 
Schema t i c 
GS 9584 
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With t h e  dua l  o r i f i c e  i n j e c t o r ,  a parameter than can be va r i ed  t o  
opt imize performance i s  the  o x i d i z e r  flow s p l i t ,  W p / ( W p  + W s ) .  
of a dua l  o r i f i c e  i n j e c t o r  with f luorine/hydrogen,  t h e  flow s p l i t  f o r  
optimum’performance w a s  determined t o  be approximately 8% t o  10% a t  f u l l  
t h r u s t  and 50% at  t h e  10% t h r u s t  level. 
expander cyc le  a t  Design Po in t  2 are q u i t e  compatible wi th  t h e s e  levels. 
The o v e r a l l  a v a i l a b l e  o x i d i z e r  i n j e c t o r  pressure  drop is t h e  d i f f e r e n c e  
between t h e  ox id ize r  pump d ischarge  p res su re  and chamber p re s su re ;  t hese  
va lues  i n  the  cyc le  can b e  obtained from t a b l e  XX. To  ob ta in  t h e  
optimum flow s p l i t  at the  10% t h r u s t  level,  t h e  primary i n j e c t o r  area 
w a s  s i z e d  t o  pas s  one-half t h e  o x i d i z e r  flow (0.535 l b / s e c ;  0.243 lig/sec) 
a t  t h e  a v a i l a b l e  p re s su re  drop of 35 p s i  (24.13 N / c m  ) .  A t  t h e  
8000-lb (35.59 kN) t h r u s t  l e v e l ,  the  p re s su re  drop a v a i l a b l e  was 254 
p s i  (175.1 N/cm ) ,  and the f lowra te  through the  primary f low a rea  
( s i zed  a t  t he  10% t h r u s t  l e v e l )  w a s  1.44 i b / s e c  (0.655 kg/sec) , 
corresponding t o  a flow s p l i t  of 8.65%. P e r t i n e n t  i n j e c t o r  cha rac t e r i s -  
t i c s  are summarized i n  t a b l e  X X I I I .  The i n j e c t o r  flow s p l i t  schedule  vs 
t h r u s t  i s  ve ry  c l o s e  t o  t h e  optimum values  t h a t  were experimental ly  
determined f o r  t h e  f luorine/hydrogen i n j e c t o r .  
I n  tes ts  
The c h a r a c t e r i s t i c s  of t h e  
2 
2 
Table  XXIII. Dual O r i f i c e  T h r o t t l i n g  
Expander Cycle, Design Po in t  2‘. 
Chamber P res su re  - p s i a  
Primary Flow - l b / s e c  (N/cm2> 
(kg/ s ec> 
Secondary Flow - l b / s e c  
(kg/ s ec) 
Flow S p l i t ,  % 
Secondary AP - p s i  2 ( N / c m  ) 
2 
Primary AP - p s i  (N/cm ) 
Control  Valve AP -ps ia  
(N/cm2) 
2 Control  Valve A - i n  Cd 
(cm2) 
800 500 200 50 
(551.5) (344.7) ‘(137.8) (34.47) 
1.44 1.10 10.79 0.535 
(0.655) (0.050) (0.0359) (0.243) 
15.22 9.38 3.47 0.535 
(6.90) (4.25) (1.57) (0.243) 
8.65 10.5 18.6 50 
200 76 10 0.25 
(137.8) (52.4) (6.89) (0.172) 
2 54 14 6 76 35 
(175.1) (100.6) (52.4) (24.1) 
54 70 66 34.75 
(37.2) (48.2) (45.5) (24.1) 
0.327 0.177 0,068 0.014 
(2.110) (1.142) (0.439) (0.0904) 
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4 .  Pump I n l e t  Condition Var ia t ions  
Var i a t ions  i n  pump i n l e t  condi t ions  were eva lua ted  a t  t h e  8000-lb 
(35.59 kN)  t h r u s t  level f o r  the  Design Point  2 expander cyc le  engine.  
The Design Poin t  2 expander cyc le  a t  t h e  upra ted  t h r u s t  level w a s  chosen 
because it w a s  considered t o  b e  t h e  most severe condi t ion ,  b u t  t h e  
t r ends  would b e  s i m i l a r  f o r  any cycle .  
con t ro l  t h a t  maintained constant: chamber p re s su re  w a s  assumed. Figure 
79 shows t h e  manner i n  which mixture  r a t i o  would change as t h e  o x i d i z e r  
pump i n l e t  temperature  i s  var ied .  The c a l c u l a t i o n s  were made wi th  t h e  
f u e l  pump i n l e t  condi t ions  set a t  t h e  design po in t  l e v e l  and t h e  
ox id ize r  pump i n l e t  p re s su re  r egu la t ed  t o  t h e  level d i c t a t e d  by t h e  pump 
s u c t i o n  requirements .  It w i l l  be  noted t h a t  mixture  r a t i o  i s  reduced 
as t h e  ox id ize r  pump i n l e t  temperature  i s  increased .  This  i s  because 
of t h e  reduced ox id ize r  d e n s i t y  and hence lower pump p res su re  rise. 
Two l i n e s  are shown; one assumes a f i x e d  area ox id ize r  c o n t r o l  valve;  
t h e  o the r  uses  t h e  b u i l t - i n  AP of t h e  ox id ize r  c o n t r o l  valve (50 p s i ;  
34.47 N / c m  ) f o r  p r o p e l l a n t  u t i l i z a t i o n .  
t u r e  of 162"R (90.00"K) t h e  p re s su re  drop ac ross  t h e  ox id ize r  c o n t r o l  
va lve  w a s  reduced t o  zero.  Therefore ,  no c o n t r o l l i n g  c a p a b i l i t y  w a s  
a v a i l a b l e  a t  temperatures  h igher  than t h i s  va lue ,  and mixture  r a t i o  
changes w e r e  i nd ica t ed .  
A c losed  loop t u r b i n e  bypass 
2 A t  an o x i d i z e r  i n l e t  tempera- 
The t o t a l  r e s u l t s  of t h e  i n l e t  condi t ion  eva lua t ion  are summarized 
i n  t a b l e  XXIV.' The f i r s t  fou r  columns correspond t o  t h e  d a t a  t h a t  w a s  
p l o t t e d  i n  f i g u r e  79. It w i l l  be  noted t h a t  t h e  maximum ox id ize r  pump 
i n l e t  p re s su re  al lowable under t h e  c o n t r a c t  (125 p s i a ;  86.18 N / c m  ), 
w a s  r equ i r ed  a t  an i n l e t  temperature of 198'R (1lO.O"K). 
imum pump i n l e t  temperature  (200'R; l l l . l " K ) ,  t h e  requi red  i n l e t  pres-  
s u r e  w a s  134 o r  9 p s i  (92.39 o r  6.21 N / c m  ) g r e a t e r  than s p e c i f i e d  i n  
the  ground r u l e s .  A t  the  5000-lb (22.24 kN) t h r u s t  l e v e l ,  the  r equ i r ed  
ox id ize r  pump i n l e t  p re s su re  w a s  found t o  be w i t h i n  the  c o n t r a c t  l i m i t a t i o n s  
2 
A t  the  max- 
2 
over.  t h e  e n t i r e  range of condi t ions  considered.  
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OXIDI~ER P U M ~  INLET TEMPERATQRE 
I 1 
84 90 96 101 106 111 
O K  
Figure 79. E f fec t  of Oxidizer Pump I n l e t  GS 9644B 
Temperature on Engine Mixture 
Rat io  
Columns 5 through 7 of t a b l e  XXIV show t h e  e f f e c t  of v a r i a t i o n s  i n  
f u e l  pump i n l e t  temperature.  The ox id ize r  i n l e t  condi t ions  were set 
a t  t h e  design p o i n t  levels f o r  t h e s e  c a l c u l a t i o n s .  With t h e  c o n t r o l  
va lve  assumed, mixture  r a t i o  v a r i a t i o n  f o r  p r o p e l l a n t  u t i l i z a t i o n  i s  
not  p o s s i b l e  a t  f u e l  i n l e t  temperatures  less than 1 8 3 " R  (101. 7'K). 
The mixture  r a t i o  v a r i a t i o n  wi th  a f i x e d  o x i d i z e r  c o n t r o l  i s  from 
4.96 t o  6.17, and i f  t h e  a v a i l a b l e  o x i d i z e r  valve AP (which was assumed 
a t  only 50 p s i ;  34.47 N/cm ) is  employed f o r  p r o p e l l a n t  u t i l i z a t i o n ,  t h e  
maximum v a r i a t i o n  can b e  reduced t o  t h e  range between 5.08 and 5.25. 
The requi red  f u e l  pump i n l e t  p re s su res  were w i t h i n  t h e  con t r ac t  l i m i t s  
over t h e  e n t i r e  range of condi t ions  s tud ied .  
2 
The condi t ions  considered i n  the  f i r s t  seven columns of t a b l e  XXIV 
I n  an a c t u a l  mission, both t h e  ox id ize r  are probably much too  severe. 
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and f u e l  temperatures  would probably i n c r e a s e  propor t iona te ly .  
las t  t h r e e  columns r ep resen t  t h i s  condi t ion.  
cond i t ion  where bo th  the  f u e l  and o x i d i z e r  temperatures are a t  t h e  
minimum values .  Column 9 r ep resen t s  t h e  temperatures  a t  which .a 
p r o p e l l a n t  u t i l i z a t i o n  valve becomes operable ,  and column 10 r ep resen t s  
t h e  maximum temperatures  f o r  bo th  p rope l l an t s .  
v a r i a t i o n  wi th  a f ixed  o x i d i z e r  c o n t r o l  w a s  from 4.96 t o  5.25. I f  t h e  
a v a i l a b l e  o x i d i z e r  AP i s  employed f o r  p r o p e l l a n t  u t i l i z a t i o n ,  t h e  
range of v a r i a t i o n  can be reduced t o  5.12 t o  5.25. 
eva lua t ion  of a p r o p e l l a n t  u t i l i z a t i o n  system i s  beyond the  scope of 
t h i s  c o n t r a c t ,  t h e  engine f l e x i b i l i t y  i s  s u f f i c i e n t  t o  ensure  t h a t  
p r o p e l l a n t  u t i l i z a t i o n  c o n t r o l  i s  f e a s i b l e .  
u t i l i z a t i o n ,  an ox id ize r  valve AP of approximately 150 p s i  (103.4 
N / c m  ) would b e  r equ i r ed ,  and t h i s  would r e q u i r e  an i n c r e a s e  i n  f u e l  
2 
pump d ischarge  p res su re  of only approximately 50 p s i  (34.47 N / c m  ).  
5. Cycle Recommendations f o r  Task I1 
The 
Column 8 r ep resen t s  t he  
The mixture  r a t i o  
Although t h e  
For complete p r o p e l l a n t  
2 
The design p o i n t  and off-design cyc le  s t u d i e s  completed i n  t h e  
Cycle Energy Balance phase s u b s t a n t i a t e d  t h e  performance advantage of 
t h e  expander cyc le  over  t h e  a u x i l i a r y  h e a t  exchanger cyc le ,  and a l s o  
ind ica t ed  some o t h e r  advantages f o r  up ra t ing  c a p a b i l i t y  of t h e  expander 
c y c l e  a t  Design Poin t  2 which were not  apparent  i n  t h e  earlier screening.  
Table X X V  compares t h e  performance and weight of t h e  four  cycle-design 
p o i n t  cases inves t iga t ed .  The Design Po in t  1 expander cyc le  w a s  shown 
t o  be  f u l l y  f e a s i b l e  a t  f u l l  t h r u s t  and provided over  5.0 lb f - sec / lb  
(49.03 N-sec/kg) h ighe r  s p e c i f i c  impulse than  t h e  o t h e r  t h r e e  cases, 
Furthermore, t h e  expander cyc le  a t  Design Poin t  1 w a s  found t o  be  
apprec iab ly  l i g h t e r  than  t h e  a u x i l i a r y  h e a t  exchanger cyc le  a t  e i t h e r  
design po in t .  
t h r o t t l i n g  more d i f f i c u l t  f o r  t h e  Design Poin t  1 expander cyc le ,  and 
power requirements would make up ra t ing  of t h e  engine t o  any s i g n i f i c a n t l y  
h ighe r  t h r u s t  and chamber p re s su re  impossible.  
m 
On t h e  o t h e r  hand, h e a t  t r a n s f e r  l i m i t a t i o n s  would make 
Contrary t o  t h e  q u a l i t a t i v e  r a t i n g s  compiled under Task I C ,  t h e  
Design Poin t  2 expander c y c l e  w a s  found t o  be  equal  t o  o r  b e t t e r  than  
t h e  two a u x i l i a r y  hea t  exchanger cyc les  from t h e  s tandpoin t  of com- 
p l e x i t y ,  f l e x i b i l i t y ,  and ease of t h r o t t l i n g .  This r e s u l t e d  from 
lowering t h e  design po in t  turbomachinery speed f o r  t h e  lower chamber 
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pressure  expander cycle .  A speed reduct ion  w a s  p o s s i b l e  because of 
t h e  s u b s t a n t i a l  power margin of t h e  expander cyc le  a t  Design Po in t  2,  
which, because the  expander cyc le  is a c losed  cyc le ,  r e s u l t s  i n  no per -  
formance loss  * S i m i l a r  improvements i n  the  q u a l i t a t i v e  c h a r a c t e r i s t i c s  
of t h e  a u x i l i a r y  h e a t  exchanger cyc le  could a l s o  be achieved by a 
reduct ion  i n  turbomachinery speed, b u t  only a t  the  expense of 
performance . 
I n  summary, then ,  although t h e r e  were s m a l l  d i f f e r e n c e s ,  it 
appeared t h a t  both t h e  expander cyc le  and a u x i l i a r y  hea t  exchanger 
cycles  provided acceptab le  performance, and t h a t  t h e  weight d i f f e r e n c e s  
were not  s i g n i f i c a n t  enough t o  a mission t o  be  given g r e a t  importance. 
The s m a l l  performance improvement provided by t h e  expander cyc le  w a s  
t he re fo re  s e l e c t e d  and t h e  expander cyc le  a t  Design Po in t  2 w a s  
recommended i f  engine t h r o t t l i n g  o r  up ra t ing  were requi red .  I f  t h e  
engine w a s  t o  be r e s t r i c t e d  t o  f i x e d  t h r u s t ,  t h e  expander cyc le  a t  
Design Po in t  1 w a s  recommended t o  provide maximum performance. The 
expander cyc le  a t  Design Poin t  2 w a s  s e l e c t e d  by t h e  NASA-LeRC 
P r o j e c t  Manager f o r  t h e  Task I1 pre l iminary  design.  
Table XXV. Weight and Performance Summary 
Expander 
I @ 100% t h r u s t  vac 
I @ 10% t h r u s t  vac 
Weight 
Aux i l i a ry  Hex 
I @ 100% t h r u s t  vac 
Design Poin t  1 
404.4 lbf -sec / lbm 
(3966 N-sec/kg) ; 
382.9 l b f  -sec/ lbm 
(3756 N-sec/kg) 
122 l b  (55.34 kg) , 
399.0 lbf -sec / lbm 
(3923 N-sec/kg) 
375.6 lbf -sec / lbm 
(3683 N-sec/kg) 
131  l b  (59.42 kg) 
Design Poin t  2 
397.8 lbf -sec / lbm 
(3901 N-sec/kg) 
372.8 lb f - sec / lb  m 
(3656 N-sec/kg) 
115 l b  (52.16 kg) 
394.9 lb f - sec / lb  m 
(3874 N-sec/kg) 
370.1 lb f - sec / lb  m 
(3629 N-sec/kg) 
126 l b  (57.15 kg) 
133/134 
SECTION I V  
DESIGN EFFORT - TASK I1 
A. DESIGN REQUIREMENTS AND APPROACH 
1. Re qu i  remen t s 
The des ign  condi t ions  s p e c i f i e d  by t h e  NASA-LeRC P r o j e c t  Manager 
f o r  t h e  expander cyc le  wi th  a s i n g l e  t u r b i n e  and geared pumps s e l e c t e d  
f o r  t h e  Task I1 engine pre l iminary  design were as shown i n  t a b l e  XXVI. 
I n  add i t ion ,  i t  w a s  s t a t e d  t h a t  t h e  engine should have t h e  c a p a b i l i t y  
of being upra ted  i n  t h r u s t  t o  8000 l b  (35.59 kN) and t h r o t t l e d  lO:l, 
al though t h e s e  w e r e  no t  f i r m  des ign  requirements.  
Table XXVI. Design Requirements f o r  Expander Cycle wi th  
a S ing le  Turbine and Geared Pumps - Task I1 
Prope l l an t s  
Thrust  (vacuum) 
Mixture Rat io  
Nozzle Expansion Rat io  
Chamber Cont rac t ion  Rat io  
Chamber P res su re  
P rope l l an t  I n l e t  Temperature 
Methane 
Flox 
Required Oxidizer  Pump NPSP 
Required Fuel  Pump NPSP 
~ 
Liquid Methane 
Liquid f l o x  (82.6% f l u o r i n e )  
5000 l b s  (22.24 kN) 
5.25 
70: l  
4 : l  
500 p s i a  (344.7 N/cm2) 
200"R (111.1'K) 
l50PR (83.33'K) 
12 p s i  (8.27 N / c m  ) 
8 p s i  (5.52 N/cm ) 
2 
2 
The va lues  shown i n  t a b l e  XXVI are e s s e n t i a l l y  t h e  same as those  used 
f o r  Design Po in t  2 i n  t h e  Task I a n a l y s i s  except  t h a t  p rope l l an t  i n l e t  
requirements were s t a t e d  d i f f e r e n t l y  (i.e.,  as requi red  NPSP) and t h e  
nozzle  expansion r a t i o  w a s  increased  from 6 0 : l  t o  70:l .  
The two design p o i n t s  i n  Task I were s e l e c t e d  t o  provide a cons tan t  
engine envelope s o  t h a t  comparison would b e  f a c i l i t a t e d ,  and t h e  area 
r a t i o s  were e s t a b l i s h e d  based on a reasonable  va lue  of 1OO:l f o r  t h e  800 
p s i a  (551.58 N/cm ) chamber p re s su re  case. Considered independent ly ,  
an upper s t a g e  5000-lb (22.24 kN) t h r u s t  flox/methane engine oper- 
a t i n g  a t  500-psia (344.7 N/cm2) chamber pressure  would have an 
2 
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optimum nozz le  expansion r a t i o  above 60 : l  f o r  most missions.  
o the r  hand, t h e  j a c k e t  coolan t  temperature  rise would b e  increased  
wi th  h ighe r  expansion r a t i o s  i f  a r egene ra t ive ly  cooled nozz le  
ex tens ion  were used, and t h i s  i s  undes i rab le  from t h e  s t andpo in t  of 
t h e  f u e l  decomposition l i m i t s  a t  t h e  10% t h r u s t  level. Based on 
t h e s e  cons ide ra t ions ,  t h e  r egene ra t ive ly  cooled expansion r a t i o  of 
70: l  w a s  s e l e c t e d ,  and a d d i t i o n a l l y ,  t h e  c a p a b i l i t y  of adding a 
r a d i a t i o n  cooled s k i r t  t o  f u r t h e r  i nc rease  expansion r a t i o  w a s  taken 
i n t o  account. This  produced a nozz le  contour  based on a maximum 
payload t runca t ion  wi th  an area r a t i o  of 1 O O : l .  When cu t  o f f  a t  
70:1, t h e  maximum payload 1 O O : l  nozz le  becomes roughly equ iva len t  
t o  a 70:l minimum s u r f a c e  t runca t ion .  This minimum s u r f a c e  contour  
i s  more compatible wi th  a nozz le  ex tens ion  than  o t h e r  t runca t ions  
because of i t s  h ighe r  e x i t  divergence angle .  Furthermore, s i n c e  
t h e  minimum s u r f a c e  t runca t ion  i s  co>siderably s h o r t e r  than  a 
On t h e  
maximum payload t runca t ion ,  t h e  70: l  minimum s u r f a c e  nozzle  provides  
approximately t h e  same nozz le  s u r f a c e  and coolan t  temperature  rise as 
the  6 0 : l  maximum payload nozz le  considered i n  Task I. This  i s  shown 
i n  t a b l e  XXVII. 
The 2.0 -lbf-sec/lb,  (19.61-N-sedkg) performance inc reases  f o r  t h e  
f e  = 70 nozzle  over  ce = 60 shown i n  t h e  t a b l e  is based on a cons tan t  
r)Ivac of 94% f o r  bo th  cases  and does n o t  account f o r  t he  v a r i a t i o n  i n  t h e  
p red ic t ed  nozz le  t h r u s t  c o e f f i c i e n t  e f f i c i e n c i e s ,  o r  stream t h r u s t  
c o e f f i c i e n t s ,  C, f o r  t he  two nozz le  conf igura t ions .  I f  c a l c u l a t e d  
Cs va lues  are used wi th  an T~~ of 97% and a performance loss  due t o  
cyc le  leakage of 2.0 lbf -sec / lbm (19.61 N-sec/kg) t h e  ca l cu la t ed  
f u l l  t h r u s t  s p e c i f i c  impulse would be: 
IS ’ 
Nozzle Contour CS I V W  
lbf -sec / lbm N - s  e c  / kg t e  
60 Max, Payload 0.9782 401.3 3935 
70 Min. Surface 0.9754 401.1 3933 
100 Max. Payload 0,9784 407 .O 3991 
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A s  discussed i n  paragraph E ,  t h e  d i f f e r e n c e  between t h e  
performance va lues  shown above and those  given i n  t a b l e  X X V I I  may 
b e  considered t o  b e  a margin f o r  k i n e t i c  l o s s e s ,  nozzle-7,* i n t e r a c t i o n s  
o r  simply conservat ism i n  t h e  c a l c u l a t i o n s .  Based on p red ic t ed  
nozz le  performance, however, i t  i s  apparent  t h a t  t h e r e  i s  no a c t u a l  
s p e c i f i c  impulse advantage f o r  t h e  70: l  minimum s u r f a c e  conf igura t ion .  
Rather ,  t he  rea l  b e n e f i t  is  i n  reduced length  and compa t ib i l i t y  
f o r  attachment of a nozz le  extension.  
2. Approach 
The f a c t  t h a t  engine t h r o t t l i n g  and up ra t ing  were not  requirements 
f o r  t h e  engine pre l iminary  design meant t h a t  t h e s e  c a p a b i l i t i e s  
were t o  be  eva lua ted  as s p e c i a l  cases. It  w a s  apparent  from the  Task I 
a n a l y s i s  t h a t  i f  t h r o t t l i n g  o r  up ra t ing  were t o  r ece ive  s e r i o u s  
cons ide ra t ion ,  i t  would b e  necessary t o  inco rpora t e  requirements 
f o r  t hese  c a p a b i l i t i e s  i n  t h e  i n j e c t o r ,  t h r u s t  chamber, and 
turbomachinery, and t h i s  w a s  done i n  t h e  pre l iminary  design.  However, 
c o n t r o l  system requirements  are i n h e r e n t l y  d i f f i c u l t  t o  f i n a l i z e  u n t i l  
component t e s t i n g  i s  w e l l  underway, p a r t i c u l a r l y  when v e h i c l e  and mission 
requirements are n o t  f u l l y  def ined.  Therefore ,  i t  w a s  decided t o  
l i m i t  t h e  a c t u a l  des ign  of t h e  c o n t r o l  system t o  f i x e d  t h r u s t  ope ra t ion  
and cons ider  up ra t ing  and t h r o t t l i n g  only on an  a n a l y t i c a l  b a s i s .  
Cycle performance c a l c u l a t i o n s  f o r  t h e  pre l iminary  des ign  config- 
u r a t i o n  were completed based upon t h e  70:l nozz le  and inc luding  
ref inements  over  t h e  Task I ana lyses  such as i n c l u s i o n  of c a l c u l a t e d  
valve p res su re  drops,  l i n e  l o s s e s ,  and leakage l o s s e s ,  i n  p l ace  of 
estimates. 
pre l iminary  des ign  s tudy  i s  shown i n  f i g u r e  80. The vacuum s p e c i f i c  
impulse of  399.4 lbf-sec/ lb ,  (3916.77 N-sec/kg), is  based on 94% Ivac 
e f f i c i e n c y  and a ca l cu la t ed  leakage l o s s  of  0.069 l b / s e c  (0.031 kg/sec) .  
The r e s u l t i n g  design p o i n t  c y c l e  schematic f o r  t h e  Task I1 
Table X X V I I I  summarizes t h e  engine ope ra t ing  parameters a t  design 
t h r u s t ,  upra ted  t o  8000-lb (35.59 kN) t h r u s t ,  and t h r o t t l e d  t o  10% 
of  des ign  t h r u s t .  The engine condi t ions  a t  a l l  t h ree  po in t s  are w e l l  
w i t h i n  the  l i m i t s  e s t a b l i s h e d  i n  Task I. 
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Addi t iona l  of f -des ign  cyc le  d a t a  showing the  e f f e c t  of h e a t  f l u x  
(Qm/4,) and mixture r a t i o  on the cyc le  ope ra t ing  parameters a r e  p r e -  
sented i n  t a b l e  XXIX. The r e s u l t s  shown are c o n s i s t e n t  w i t h  the  pre l iminary  
r e su l t s  shown i n  t a b l e  XX, and show a s a t i s f a c t o r y  cyc le  balance over a 
wide range of condi t ions  . 
A s  d i scussed  i n  Sec t ion  IB paragraph B, t h e  turbomachinery e f f i c i e n c i e s  
used f o r  t h e  cyc le  a n a l y s i s  are  be l ieved  t o  be  conserva t ive .  However, 
t h e  low volumetr ic  flow rates ,  combined wi th  t h e  h igh  ope ra t ing  
p res su res ,  are o u t s i d e  the  range of a v a i l a b l e  experimental  d a t a ,  and 
t h e  accuracy of t h e  turbomachinery e f f i c i e n c i e s  must b e  of concern. The 
e f f e c t s  of dev ia t ions  from assumed e f f i c i e n c i e s  were t h e r e f o r e  evaluated 
wi th  the  r e s u l t s  shown i n  f i g u r e  81. 
turbomachinery e f f i c i e n c y  below t h e  va lues  used i n  a n a l y s i s  were 
considered;  i t  was found t h a t  a l o s s  i n  o x i d i z e r  pump ef f ic ie r lcy  of 
10% r e s u l t s  i n  a reduct ion  of 2.5% i n  power margin (bypass f low),  wh i l e  
a 10% l o s s  i n  e i t h e r  f u e l  pump o r  t u r b i n e  e f f i c i e n c y  would cause 
approximately 6% l o s s  i n  bypass flow. Even i f  a l l  t h r e e  components 
opera ted  a t  10% below t h e i r  p red ic t ed  e f f i c i e n c y ,  a bypass flow of over 
10% would be maintained.  
expected,  bu t  combined e f f e c t s  t h i s  ex tens ive  would be un l ike ly .  I f  
Only the  e f f e c t s  of reduct ions  i n  
Any s i n g l e  e f f i c i e n c y  dev ia t ion  might be 
they were encountered, up ra t ing  c a p a b i l i t y  might b e . l i m i t e d ,  bu t  s a t i s -  
f ac to ry  des ign  po in t  opera t ion  would be assured .  
0 -2 4 -6 -8 -10 
REDUCTION IN DESIGN EFFICIENCY - 77.1 
Figure 81. E f f e c t  of Component E f f i c i ency  FD 29208 
on Excess Power 
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B e TURBOMACHINERY 
The turbopump f o r  t he  5000-lb ( 2 2 . 2 4  kN) flox-methane engine p r e -  
l iminary  design c o n s i s t s  of a two-stage c e n t r i f u g a l  l i q u i d  methane 
pump which i s  dr iven  d i r e c t l y  by a s i n g l e  s t a g e  p a r t i a l  admission 
impulse t u r b i n e ,  and a s i n g l e  s t a g e  c e n t r i f u g a l  f l o x  pump t h a t  is  
geared from the  f u e l  pump-turbine s h a f t  through an i d l e r  a t  a gear  
r educ t ion  of 2 : l .  
shown i n  f i g u r e  8 2 .  The complete assembly i s  less than  15.0 i n .  
(38,lO cm) long and weighs only 24.2 l b  (10.98 kg) , 
A cross  s e c t i o n  view of t h e  turbopump assembly is  
Data on pump and t u r b i n e  e f f i c i e n c i e s  and primary ope ra t ing  va r i a -  
b l e s  were given i n  t a b l e  X X V I I  f o r  t h e  engine design po in t  and f o r  t h e  
upra ted  and 10% t h r u s t  condi t ions .  To a s su re  t h a t  t h e  turbopump could 
be opera ted  a t  the  speeds,  f l owra te s ,  and p res su res  requi red  f o r  
up ra t ing ,  the  turbomachinery was optimized a t  the  8000-lb (35.59 kN) 
t h r u s t  cond i t ion ;  thus ,  it is  de ra t ed  a t  t he  5000-lb (22 .24  kN) 
t h r u s t  design po in t .  I n  a d d i t i o n  t o  providing up ra t ing  c a p a b i l i t y ,  
t h i s  design approach a s su res  t h a t  a s u b s t a n t i a l  ope ra t ing  margin i s  
a v a i l a b l e  a t  t h e  design p o i n t ,  e .g . ,  bea r ing  and seal v e l o c i t i e s  are 
w e l l  below l i m i t i n g  va lues  and pump and t u r b i n e  e f f i c i e n c i e s  are not  
c r i t i c a l ,  s o  t h a t  confidence of success  i n  an  i n i t i a l  development 
program f o r  a f ixed  t h r u s t ,  des ign  po in t  engine w i l l  be  high.  
1. Fuel  Pump 
Performance of dynamic type  pumps i n  convent iona l  s i z e  ranges can 
be r e l i a b l y  p red ic t ed  us ing  w e l l  e s t a b l i s h e d  s i m i l a r i t y  r e l a t i o n s h i p s  
based on c o r r e l a t i o n  of d a t a  from many e x i s t i n g  water pumps. 
p rope l l an t  pumps f o r  the  5000-lb (22 .24  kN) flox/methane engine  are 
i n  a s i z e  range f o r  which s i m i l a r i t y  r e l a t i o n s h i p s  have no t  been 
confirmed. This  n e c e s s i t a t e s  a t t e n t i o n  t o  d e t a i l s  of design t o  avoid 
l o s s e s .  
high e f f i c i e n c y  because of t h e  s m a l l  s i z e s  are: 
The 
Some of t h e  unique problems presented  re la t ive t o  ob ta in ing  
1. Extremely small leakage c learances  are requ i r ed  t o  maintain t h e  
s i m i l a r i t y  r e l a t i o n s h i p s  implied i n  t h e  convent ional  p r e d i c t i o n  
techniques.  
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2. Small dimensions (blade h e i g h t s ,  impe l l e r  diameters ,  e t c . )  can 
inc rease  viscous l o s s e s  because of t h e  reduced c h a r a c t e r i s t i c  
dimension included i n  t h e  Reynolds Number ca l cu la t ion .  An 
oppos i te  e f f e c t  r e s u l t s  from t h e  lower v i s c o s i t y  of t h e  f l u i d  
being pumped. Conventional p r e d i c t i o n  methods are commonly 
based on t h e  v i s c o s i t y  of water. 
7 x lom5 lbm/f t - sec  (13.38 x low4 N - s e c / m  ) as compared t o  
6.7 x 
t h e r e f o r e  t h e  v iscous  l o s s e s  are reduced when pumping methane, 
Increased  e f f i c i e n c y  wi th  cryogenic  f l u i d s  has  been demonstrated by 
experimental  d a t a  f o r  R L l O  ox id i ze r  pumps t e s t e d  wi th  l i q u i d  
f l u o r i n e .  E f f i c i e n c i e s  6 t o  8 p o i n t s  h ighe r  t han  were pre- 
d i c t e d  by water pump c o r r e l a t i o n s  were obtained.  
The v i s c o s i t y  of methane is  
2 
2 l b  / f t - s ec  (9 .97 x low4 N - s e c / m  ) f o r  water; m 
3. Bearing and seal l o s s e s ,  which are normally very small  when 
compared t o  t h e  t o t a l  pump power, r ep resen t  a l a r g e r  propor- 
t i o n  of t h e  t o t a l  and can r ep resen t  an  apprec iab le  percentage 
loss .  
4.  Losses a s soc ia t ed  wi th  shroud back vanes incorpora ted  t o  
o b t a i n  a x i a l  t h r u s t  balance can become apprec iab le .  
The 5000-lb (22.24 kN) pumps were designed t o  avoid,  where poss i -  
b l e ,  l o s s e s  r e s u l t i n g  because of t h e s e  problems. A c r o s s  s e c t i o n a l  
v i e w  of t h e  methane pump is shown i n  f i g u r e  83,  It is  a two-stage cen- 
t r i f u g a l  design wi th  t h e  s t a g e s  mounted back-to-back t o  minimize axial .  
t h r u s t  unbalance. The s p e c i f i c  speed,  p e r  s t a g e ,  is  760 a t  t h e  
8000-lb (35 .59kN)  t h r u s t  des ign  poin t .  Fea tures  incorpora ted  t o  
maximize e f f i c i e n c y  are d iscussed  i n  t h e  fol lowing d e s c r i p t i o n  of 
i nd iv idua l  elements and performance of t he  pump. 
a. Inducer  
A t h r e e  b l ade ,  unshrouded inducer  of 347 s t a i n l e s s  s teel  i s  pro- 
vided upstream of t h e  f i r s t - s t a g e  impel le r  t o  reduce t h e  r equ i r ed  n e t  
p o s i t i v e  s u c t i o n  p res su re  a t  t h e  pump i n l e t .  
f o r  a s u c t i o n  s p e c i f i c  speed of 25,000. The r e s u l t i n g  n e t  p o s i t i v e  
s u c t i o n  p res su re  r equ i r ed  a t  t h e  des ign  po in t  is  5 p s i  (3.45 N / c m  ) 
as compared t o  t h e  8 p s i  (5.52 N / c m  ) s p e c i f i e d  i n  t a b l e  XXVI. The 
The inducer  w a s  designed 
2 
2 
inducer b l ade  i n l e t  angle  i s  9' (0.157 r a d ) ,  
i t  s a t i s f i e d  the des ign  requirement ,  and should be adequate s i n c e  the  tank-  
tankage th icknesses  i n  s t a g e s  s u i t a b l e  f o r  t h e  engine w i l l  l i k e l y  be 
e s t a b l i s h e d  by minimum gage r a t h e r  than  stress cons ide ra t ions ,  t h e  
25,000 Nss level should be adequate.  Nss could be inc reased ,  and t h e  
n e t  p o s i t i v e  s u c t i o n  p res su re  requirement could be reduced, through a 
reduct ion  i n  t h e  b l ade  i n l e t  angle  ( t o  a minimum of approximately 
6" (0.105 r a d ) ;  however, an i n c r e a s e  i n  the  pump i n l e t  diameter and a 
contoured b lade  t i p  diameter would be requi red  i f  t h i s  were done. 
These changes could be incorpora ted ,  i f  r equ i r ed ,  a t  t h e  cos t  of a 
minor pump e f f i c i e n c y  degrada t ion  and s l i g h t l y  increased  complexity 
of t h e  inducer  and i t s  housing. 
I n  view of the  f a c t  t h a t  
- 
0.126 -in. Bolt 
0.260 -in. Bolt 
Carbon Insert 
Figure 83. Fuel  Pump FD 31591 
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b.  I m p e l l e r s  
The i m p e l l e r s  a r e  designed t o  provide equal  headr i se  ac ross  each 
s t age .  The b lades  a r e  swept t o  an e x i t  angle  of 22.5" (0.393 r a d ) ,  
t he  t i p  diameter is  2.18 i n .  (5.54 cm), and t h e  b lade  he igh t  a t  the 
i m p e l l e r  t i p  i s  0.078 i n .  (0.198 cm). The 22.5" (0.393 rad)  sweep 
angle  provides  a drooping head-flow c h a r a c t e r i s t i c  which, as shown 
by experience wi th  t h e  R L l O  expander cyc le  engine,  is  d e s i r a b l e  from 
a system s t a b i l i t y  s t andpo in t .  
maximum blade  he ight  and consequently a more optimum channel shape 
and minimum s e n s i t i v i t y  t o  boundary l a y e r  th ickness .  Because of t h e  
low b lade  h e i g h t s ,  impe l l e r  f r o n t  shrouds were incorpora ted  t o  prevent  
b lade  t i p  leakage;  shroud back vanes were n o t  requi red  t o  o b t a i n  a 
s a t i s f a c t o r y  a x i a l  t h r u s t  ba lance ,  and t h e r e f o r e  w e r e  no t  incorpora ted  
i n  t h e  i n t e r e s t  of reducing shroud d i s k  f r i c t i o n .  
The low sweep angle  a l s o  permi ts  
The pump impe l l e r s  are machined from 347 s t a i n l e s s  s teel  and t h e  
shrouds are a t t ached  wi th  gold-nickel b raze ,  Calculated t a n g e n t i a l  
stresses i n  t h e  more h igh ly  s t r e s s e d  impe l l e r ,  t h e  second s t a g e  a t t h e  
upra ted  design condi t ion  (8000-lbY 35.59 k N  t h r u s t )  a r e  shown i n  f i g -  
ure  84. The c a l c u l a t e d  maximum shea r  stress a t  the brazed blade-shroud 
i n t e r f a c e  w a s  2700 p s i  (1862 N / c m  ) ,  compared t o  an al lowable 32,000 
p s i  (22050 N / c m  ) a t  t h e  ope ra t ing  temperature.  
2 
2 
c.  I m p e l l e r  Shroud S e a l s  
The d i ame t ra l  c learance  f o r  t y p i c a l  wear r i n g  s e a l s  a t  t h e  shroud 
f r o n t  s e a l  p o s i t i o n ,  as l i m i t e d  by to l e rances ,  was es t imated  t o  be 
approximately 0.010 i n .  (0.0254 cm). The leakage through wear r i n g  
seals wi th  t h i s  c learance  wa; es t imated  t o  b e  g r e a t e r  than 20% of 
t h e  t o t a l  pump i n l e t  f low, which would have an extremely adverse e f f e c t  
on e f f i c i e n c y .  I n  o rde r  t o  reduce t h e  pena l ty ,  f l o a t i n g  r i n g  seals 
w e r e  s e l e c t e d  f o r  both t h e  f i r s t - a n d  second-stage impel le rs .  Seal 
d e t a i l s  are shown i n  f i g u r e  85. These seals are f r e e  t o  move i n  a 
r a d i a l  d i r e c t i o n  re la t ive t o  the  s h a f t ;  t h i s  f l o a t i n g  c h a r a c t e r i s t i c  
permi ts  very c l o s e  d i ame t ra l  c learances  t o  be maintained. The s e a l i n g  
element material i s  carbon; t h e  p re s su re  d i f f e r e n t i a l  across  t h e  
sea l  provides  t h e  fo rce  t o  seat t h e  ver t ica l  s e a l i n g  s u r f a c e  a g a i n s t  
148 
t he  pump housing,  The maximum d iame t ra l  c learance  was s p e c i f i e d  t o  be 
0.0012 i n  (0.0030 cm). With c learances  of t h i s  magnitude, the ca lcu-  
l a t e d  leakage was less than  5% of the  i n l e t  flow. 
0.54 in. (1.372 cm) 
,- Shaft Centerline 
Figure 84. Fuel Pump Second Stage I m p e l l e r  
Tangent ia l  Stress D i s t r i b u t i o n  
Contours a t  68,000 rpm 
(7121 r a d / s )  
FD 31617 
Impeller Housing 
Spring 
Impeller SECTION B-B 
Figure 85. Fuel Pump Shroud Sea l  FD 31680 
149 
d.  Impel le r  I n t e r s t a g e  S e a l  
Sha f t  c r i t i c a l  speed cons ide ra t ions  mentioned i n  a l a t e r  paragraph 
made it important t o  restrict  t h e  a x i a l  d i s t a n c e  allowed f o r  t h e  
impe l l e r  i n t e r s t a g e  seal. This  requirement w a s  i n  c o n f l i c t  w i th  t h e  
d e s i r a b i l i t y  of u s ing  a balanced seal  des ign ,  which would have 
n e c e s s i t a t e d  some l eng th .  The s h a f t  l eng th  r e s t r i c t i o n  w a s  given pre- 
fe rence .  A f l o a t i n g  r i n g  seal design can be  adapted i n  s h o r t  l eng ths ,  
and would b e  s u i t a b l e .  However, i t  i s  f e l t  t h a t  t h i s  area is  one which 
r e q u i r e s  f u r t h e r  s tudy ,  and f o r  which alternative approaches would b e  
d e s i r a b l e  during development. 
t r o l l e d  wear, s p r i n g  loaded,  f ace  seal .  Details are shown i n  
f i g u r e  86; t he  s t a t i o n a r y  nosepiece i s  carbon and t h e  r o t a t i n g  mating 
r i n g  is  chrome p l a t e d  347 s t a i n l e s s  s tee l .  This  might a l s o  be  c a l l e d  
a "wear-in" seal. 
the  nosepiece w i l l  wear r a p i d l y  ( f o r  0.002-0.007 i n . ;  0.00508-0.0178 cm) 
u n t i l  con tac t  i s  made between the  ou te r  bear ing  r a c e  and the  s e a l  
carrier. A t  t h i s  p o i n t ,  no f u r t h e r  wear is  incu r red ;  t h e  maximum 
r e s u l t i n g  c l ea rance ,  ca l cu la t ed  on t h e  b a s i s  of t h e  maximum s h a f t  
misalignment wi th in  t o l e r a n c e s ,  would allow leakage of t h e  same mag- 
n i tude  a s  t h a t  r e s u l t i n g  wi th  a 0.0005 i n .  (0.00127 cm) r a d i a l  c learance  
f l o a t i n g  r i n g  s e a l .  Note i n  f i g u r e  86 t h a t  a series of l a b y r i n t h s  a r e  
provided on t h e  s h a f t  upstream of t h e  seal. These serve as a back-up 
i n  t h e  event  of excess ive  seal  wear o r  seal  f a i l u r e .  
The design of f i g u r e  83 shows a con- 
Because of t h e  magnitude of t h e  p re s su re  loading ,  
Figure 86. Fuel  Pump I n t e r s t a g e  Sea l  
' Shaft 
FD 31652 
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e. Fuel Pump Shaft  Sea l  
A f l o a t i n g  bushing seal  is  used t o  l i m i t  s h a f t  leakage i n t o  ehe 
gearbox. An enlarged view of t h e  sea l  is shown i n  f i g u r e  87. 
sea l  i n s e r t  i s  carbon and t h e  r e t a i n e r  i s  Invar .  The Invar  material  
w a s  chosen because i t s  c o e f f i c i e n t  of thermal expansion is  compatible 
with the  carbon and excess ive  loading  of t he  carbon as t h e  sea l  cools  
t o  ope ra t ing  temperature can be avoided. Two Beryllium 25 p i s t o n  
r i n g s  are provided t o  prevent  leakage around O.D. of t h e  seal, and a 
series of l abyr in ths  a r e  provided on the  s h a f t  upstream of the  s e a l  
a s  an  emergency back-up. 
The 
Housing r 
.nsert 
Figure 87.  Fuel  Pump Shaft  Sea l  FD 31585 
f .  Shaf t  Support System 
The common f u e l  pump/turbine s h a f t  i s  made of Inconel  718 material 
and i s  mounted on two b a l l  bear ings .  
chosen t o  wi ths tand  t h e  ope ra t ing  environment a t  t h e  tu rb ine  end, 
ca l cu la t ed  a x i a l  t h r u s t  l oad ,  based on t h e  unbalanced fo rces  on t h e  
i m p e l l e r s  and t u r b i n e  wheel was 344 l b  (15.30 kN) i n  a d i r e c t i o n  toward 
the  pump i n l e t .  
f r o n t  bea r ing ,  which i s  loca ted  between t h e  two pump s t a g e s .  
rear bear ing  ou te r  race i s  loaded i n  t h e  t h r u s t  d i r e c t i o n  by a s p r i n g  
washer e 
Inconel  718 material  w a s  
The 
This load i s  t r a n s f e r r e d  t o  t h e  pump housing by t h e  
The 
15 1 
Analysis  i nd ica t ed  a ca l cu la t ed  s h a f t  c r i t i c a l  speed of 90,000 rpm 
(9425 r a d / s ) ,  f o r  t he  des ign  shown i n  f i g u r e  83 g iv ing  a c r i t i c a l  
speed margin of 33%. The p a r t i c u l a r  arrangement of t h e  pump, t u r b i n e ,  
and gear ing ,  w i th  dimensional requirements f o r  assembly, d i d  no t  
provide acceptab le  cr i t ical  speed c h a r a c t e r i s t i c  i n  t h e  i n i t i a l  l ayout .  
I t e r a t i o n s  were necessary  t o  achieve t h e  f i n a l  r e s u l t .  It w a s  f m n d  
necessary t o  minimize the  overhang at  the  t u r b i n e  end, c o n s i s t e n t  with 
dimensions r equ i r ed  f o r  seals and manifolding, and t o  reduce t h e  
d i s t a n c e  between bear ings  as much as poss ib le .  The b o l t  c i rc le  f o r  
attachment of t he  t u r b i n e  i n l e t  housing t o  t h e  pump housing w a s  
r e s t r i c t e d  t o  provide c learance  a t  t h e  i d l e r  gear  through-bol t ,  s o  i t  
was necessary  t o  a l low a x i a l  c learance  a t  t h e  gear  t r a i n  opening f o r  
assembly of t h e  second-stage pump i n l e t  plenum. This  complicated 
t h e  problem, f o r c i n g  measures t o  conserve l eng th ,  as noted i n  t h e  above 
d i scuss ion  of t h e  pump i n t e r s t a g e  seal. 
The f r o n t  b e a r i n g  is  cooled and l u b r i c a t e d  by methane i n t e r s t a g e  
leakage flow, 
d r i l l e d  passages i n  t h e  s h a f t .  The c a l c u l a t e d  f lowra te  t o  coo l  t h e  
r e a r  bear ing  a t  the  8000-lb (35.59 kN) t h r u s t  design po in t  was 
0.012 l b / s e c  (0.00545 kg/sec) based on t h e  h e a t  generated due t o  
t h r u s t  load and f r i c t i o n  fo rces .  The f r o n t  bea r ing  DN (diameter  i n  
m i l l i m e t e r s  x r o t a t i v e  speed i n  rpm) w a s  c a l c u l a t e d  t o  be 1.02 x 10 
and t h e  rear bea r ing  DN w a s  c a l c u l a t e d  t o  be 1.7 x 10 . The material 
f o r  t he  bear ings  and races is consumable-electrode, vacuum-melted 
Liquid methane is suppl ied  t o  t h e  rear bear ing  through 
6 
6 
AMS5630. The s e p a r a t o r  material f o r  t h e  b a l l  bea r ings  is  aluminum 
armored p l a s t i c  of t h e  type  used i n  t h e  RLlO engine turbopump, 
s e l e c t e d  on t h e  b a s i s  of demonstrated s u i t a b i l i t y ,  i n  a modified 
RLlOA-1  engine t e s t e d  wi th  flox/methane (Reference 4 ) .  
A balance r i n g  is provided a t  t h e  f u e l  pump end of t he  s h a f t  and 
weights  are added t o  t h e  t u r b i n e  d i s k  a t  t h e  o t h e r  end f o r  dynamic 
ba lanc ing ,  
g. Housings 
The f u e l  pump is encased i n  two aluminum housings.  Machined v o l u t e  
c o l l e c t o r s  and s t r a i g h t  t a n g e n t i a l  nozzle  d i f f u s e r s  are used f o r  
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recovery of t h e  v e l o c i t y  head i n  each s t a g e ,  The housing stress l i m i -  
2000- 
1500- 
"8 glO00- 
z 
500 
0- 
t a t i o n  was e s t a b l i s h e d  a t  85% of t h e  0.2% o f f s e t  y i e l d  s t r eng th .  
The f l anges  a t  t h e  pump i n l e t  and a t  t he  i n t e r f a c e  between t h e  two 
housing w e r e  designed f o r  a maximum d e f l e c t i o n  of 0.0001 i n .  
(0.000254 cm) t o  i n s u r e  good sea l ing .  
were s e l e c t e d  based upon exper ience  to-date i n  an ex tens ive  i n v e s t i -  
g a t i o n  be ing  conducted by P r a t t  & Whitney A i r c r a f t  under A i r  Force 
Cont rac t  F-04611-68-G-0002 t o  d e f i n e  t h e  leakage c h a r a c t e r i s t i c s  f o r  
a l a r g e  number of f l a n g e  seal  types.  
cont inuing,  and t h e  f l a n g e  sea l  s e l e c t i o n  can b e  reviewed as more d a t a  
become ava i l ab le .  
The metal O-ring f l ange  seals shown 
Work i n  t h e  i n v e s t i g a t i o n  i s  
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h. Performance 
The p red ic t ed  pump opera t ing  c h a r a c t e r i s t i c s  are shown i n  f i g u r e  88. 
The p r e d i c t i o n s  were generated us ing  convent iona l  techniques f o r  head- 
r ise and s i m i l a r i t y  r e l a t i o n s  f o r  e f f i c i e n c y .  Because of ques t ions  
regard ing  t h e  accuracy of s i m i l a r i t y  r e l a t i o n s  f o r  pumps of t h i s  s i z e ,  
a pump l o s s  a n a l y s i s  w a s  conducted t o  provide an independent p r e d i c t i o n  
of e f f i c i e n c y .  
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Pump l o s s e s  are grouped i n t o  t h r e e  ca t egor i e s :  (1) volumetr ic  
l o s s e s ,  (2)  hydrau l i c  l o s s e s ,  and ( 3 )  mechanical l o s s e s .  Volumetric 
l o s s e s  t a k e  i n t o  account t h e  power absorbed by f l u i d s  r e c i r c u l a t i n g  
w i t h i n  t h e  pump o r  leakage overboard a f t e r  pass ing  through t h e  impel le r .  
The hydrau l i c  l o s s e s  t ake  i n t o  account pump i n l e t  l o s s e s ,  l o s s e s  i n  t h e  
impe l l e r  f low channels ,  due t o  f r i c t i o n ,  tu rbulence ,  and sepa ra t ion ,  
and c o l l e c t o r  and d i f f u s e r  l o s s e s ,  Mechanical l o s s e s  account f o r  t h e  
remaining sources  of power absorp t ion  i . e . ,  d i s k  f r i c t i o n ,  and bea r ing  
and seal l o s s e s .  The very t i g h t  c l ea rances  r equ i r ed  wi th  convent ional  
pump design t o  ob ta in  acceptab le  leakage va lues  w a s  found t o  be a 
s e r i o u s  problem. Leakage sources  inc lude :  
1. Rec i r cu la t ion  of f u e l  from t h e  impel le r  discharge t o  t h e  
pump i n l e t  (both s t a g e s ) .  
2. Rec i r cu la t ion  of f u e l  from t h e  second-stage of t h e  pump t o  
the  f i r s t - s t a g e .  
Leakage a long  t h e  s h a f t  i n t o  t h e  gearbox. 3 .  
4 .  Bearing coolan t  f low e x t r a c t i o n .  
A summary of t h e  ca l cu la t ed  pump l o s s e s  i s  shown i n  t a b l e  XXX. 
Table  XXX. Calculated Fuel  Pump Losses 
Volumetric E f f i c i ency ,  % 
Shroud Rec i r cu la t ion  Flow, 
l b / s e c  (kg/sec)  
I n t e r s t  age Leakage Flow, 
l b / s e c  (kg/sec) 
Sha f t  Leakage Flow, 
l b / s e c  (kg/sec)  
Bearing Coolant Flow, 
l b / s e c  (kg/sec)  
Mechanic a 1 E f f i c  iency , '2, 
Disk F r i c t i o n ,  hp (W) 
Bearing Loss,  hp (W) 
Hydraulic E f f i c i ency ,  % 
Impel le r  Flow Channel 
Co l l ec to r  and Di f fuse r  
E f f i c i ency ,  % 
Eff i c i ency ,  % 
Pump Ef f i c i ency ,  % 
1st- Stage 
9 6  
0.070 ( 0 . 0 3 1 8 )  
0.042 (0.0191) 
0.023 ( 0 . 0 1 0 4 )  
86 
9 .3  ( 6 9 3 5 )  
0,03  ( 2 2 . 7 7 )  
76  
85 
90 
62.5 
2nd- Stage 
9 3  
0.144 ( 0 . 0 6 5 4 )  
0.09 ( 0 . 0 4 0 9 )  
86 
9 . 3  ( 6 9 3 5 )  
76 
85 
90 
60 .8  
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The i n d i c a t e d  average e f f i c i e n c y  f o r  t h e  two s t a g e s  based on ca l cu la t ed  
l o s s e s  w a s  61.6%. The e f f i c i e n c y  p red ic t ed  by s i m i l a r i t y  us ing  t h e  
Worthington curve w a s  50.7%. Thus t h e  e f f i c i e n c y  ind ica t ed  by l o s s  
c a l c u l a t i o n s  was 11% highe r  than Worthington, i n d i c a t i n g  t h a t  t h e  
l a t t e r  p r e d i c t i o n  w a s  no t  n e c e s s a r i l y  op t imis t i c .  The pump leakages 
were ca l cu la t ed  based on p e r f e c t  seal c o n c e n t r i c i t y ,  and t h e  leakage 
through t h e  v e r t i c a l  s e a l i n g  su r faces  of t h e  f l o a t i n g  r i n g  seals w a s  
assumed t o  be  zero ,  which tends  t o  make t h e  c a l c u l a t e d  volumetr ic  
e f f i c i e n c y  somewhat high.  I f  more conserva t ive  assumptions were made, 
t h e  ca l cu la t ed  va lue  would be c l o s e r  t o  t h e  Worthington e f f i c i e n c y ,  
s o  it appears  t o  be a reasonable  estimate, 
2. Oxidizer  Pump 
A c ross  s e c t i o n  view of t h e  ox id ize r  pump i s  shown i n  f i g u r e  89. 
The problems imposed on t h e  f u e l  pump because of s i z e  cons ide ra t ions  
a l s o  apply t o  t h e  o x i d i z e r  pump, and t h e r e f o r e  similar design 
approaches w e r e  followed where poss ib l e .  The pump i s  a s i n g l e  
s t a g e  c e n t r i f u g a l  design wi th  a s p e c i f i c  speed of  1150 a t  t h e  design 
poin t .  The pump components and performance are d iscussed  below. 
a. Inducer  
A t h r e e  b lade  unshrouded inducer  design similar t o  t h a t  f o r  t h e  
f u e l  pump i s  incorpora ted  i n  t h e  ox id ize r  pump. I t ,  too ,  w a s  designed 
f o r  a s u c t i o n  s p e c i f i c  speed of 25,000, and provides  net p o s i t i v e  
2 s u c t i o n  p res su re  c a p a b i l i t i e s  a t  t h e  design po in t  of 9 p s i  (6.21 N / c m  ),  
compared t o  t h e  c o n t r a c t u a l  requirement of 1 2  p s i  (8.27 N / c m  ). 
The inducer  b lade  i n l e t  angle  i s  t h e  same as t h a t  of t h e  f u e l  pump, 
9" (0.3142 r a d ) ,  and a g a i n  a r educ t ion  i n  t h i s  angle  t o  approximately 
6"R (0.2037 rad)  could provide improved s u c t i o n  performance, bu t  a t  t he  
expense of s l i g h t l y  more complex p a r t s .  
s t ee l  and is  a t tached  t o  t h e  s h a f t  wi th  a locked b o l t .  S i m i l a r  
threaded attachments w e r e  used i n  the  R L l O  o x i d i z e r  pumps t h a t  were 
s u c c e s s f u l l y  t e s t e d  i n  l i q u i d  f l u o r i n e  and l i q u i d  f l o x  (References 4 ,  
8, and 13, and t h e s e  are t h e r e f o r e  considered acceptab le  f o r  f l u o r i n e  
service, 
2 
The inducer  i s  347 s t a i n l e s s  
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b. Impel le r  
The impel le r  b lades  a r e  swep t  back t o  the  same e x i t  angle  a s  t he  
f u e l  pump, 22.5' (0.3927 r a d ) .  
(6.30 cm) and t h e  b l ade  he ight  a t  t h e  t i p  is  0.132 i n .  (0.335 cm). 
The b lade  sweep was s e l e c t e d  t o  provide c h a r a c t e r i s t i c s  similar t o  
those  of t h e  f u e l  pump f o r  off-design ope ra t ion ,  and t o  t a k e  advantage 
of maximized b lade  h e i g h t .  An impe l l e r  f r o n t  shroud w a s  incorpora ted  
t o  prevent b l ade  t i p  leakage ,  and because shroud back vanes were n o t  
requi red  t o  o b t a i n  a s a t i s f a c t o r y  a x i a l  t h r u s t  ba lance ,  they  were 
no t  used. The pump impe l l e r  i s  machined from 347 s t a i n l e s s  steel  and 
the  f r o n t  shroud i s  a t t ached  wi th  gold-nickel braze .  The impel le r  
s t r e s s e s  a t  the  8,000-lb (35.59 kN) t h r u s t  uprated design po in t  a r e  
shown i n  f i g u r e  90. The maximum shear  stress i n  the braze  j o i n t  a t  
the b lade  shroud i n t e r f a c e  was 6,500 p s i  (4482 N/cm2), a s  compared 
t o  an al lowable va lue  of 140,000 p s i  (96530 N/cm2), The m a t e r i a l s  
and f a b r i c a t i o n  methods a r e  the  same a s  those f o r  RLlO ox id i ze r  pumps 
t h a t  have been t e s t e d  i n  f l u o r i n e  and f l o x .  
I m p e l l e r  t i p  diameter i s  2.48 i n .  
m 
6OOOpsi (4137 N/em') ooopsi (2068 N/cm') 
0.82 in. (2.08 em) 
Shaft Centerline -- 
Figure '90 .  Flox/Methane Oxidizer  Pump Impel ler  
Tangent ia l  S t r e s s  D i s t r i b u t i o n  Con- 
tou r s  a t  34,000 rpm (3560 r ad / s )  
in. 
em) 
- 
FD 31616 
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C. Impel le r  Front Shroud 
It w a s  es t imated  t h a t  t h e  d i ame t ra l  c learance  f o r  a t y p i c a l  wear 
r i n g  seal a t  t h e  impe l l e r  f r o n t  shroud would be approximately t h e  
s a m e  as i n  t h e  case of t he  f u e l  pump, 0.010 i n .  (0.0254 cm) .  The 
maximum leakage of f l o x  through such a c learance  was ca l cu la t ed  t o  be  
approximately 9% of t h e  t o t a l  o x i d i z e r  flow, s o  aga in ,  a need f o r  a 
f l o a t i n g  r i n g  seal w a s  i nd ica t ed ,  
i n  d e t a i l  i n  f i g u r e  91. The seal i s  h e l d  i n  p l ace  by a s p r i n g  wave 
washer, a r e t a i n i n g  r i n g ,  and a seal shroud. Maximum d iame t ra l  
c l ea rance  w a s  s p e c i f i e d  as 0.0012 in .  (0.0005 cm); a t ab  on t h e  seal 
shroud, t h a t  f i t s  i n t o  a s l o t  machined i n t o  t h e  pump housing, prevents  
r o t a t i o n a l  motion, I lko loy*  (80% N i ,  20% CaF) w a s  s e l e c t e d  as t h e  
The o x i d i z e r  shroud seal i s  shown 
material f o r  t h i s  seal because of i t s  expansion c o e f f i c i e n t  and 
because of i t s  demonstrated performance when t e s t e d  i n  a l i q u i d  f l u o r i n e  
rubbing seal  r i g  a t  P&WA (Reference 8) .  
expansion i s  approximately equal  t o  t h e  expansion c o e f f i c i e n t  of t h e  
s t a i n l e s s  s teel  impel le r  so t h a t  changes i n  t h e  seal  annular  c l ea r -  
ance w i l l  be  minimal as pump temperature  s t a b i l i z e s .  
I ts  c o e f f i c i e n t  of l i n e a r  
Seal 
Figure  91. Oxidizer Pump Shroud Sea l  FD 31615 
;kIlkoloy i s  a des igna t ion  of  t h e  I lkon  Corporat ion,  Nat ick,  Massachusetts.  
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d. Bearing Upstream Seal  
A f l o a t i n g  r i n g  seal  as shown i n  f i g u r e  9 2  was incorpora ted  
between t h e  impe l l e r  and t h e  bea r ing ,  t o  provide con t ro l l ed  leakage 
t h a t  would i n s u r e  a p o s i t i v e  flow of coolant  t o  t h e  bear ing .  
seal a l s o  serves t o  reduce t h e  p re s su re  upstream of t h e  primary 
s h a f t  seal t o  approximately t h e  va lue  of pump in le t :  p re s su re .  
material f o r  t h e  seal  ( I l k o l o y ) ,  is  i d e n t i c a l  t o  t h a t  of t h e  impe l l e r  
f r o n t  shroud seal.  Leakage w a s  c a l c u l a t e d  t o  b e  0.108 l b / s e c  
(0.00491 kg/sec) ,  a t  t he  8000-lb (35.59kN) t h r u s t  ope ra t ing  po in t ,  
a l e v e l  which is  considered conserva t ive  f o r  bear ing  cool ing.  
The coolant  flow is  r e c i r c u l a t e d  t o  t h e  pump i n l e t ;  i t  r ep resen t s  
approximately 0.7% of t h e  t o t a l  o x i d i z e r  flow and w i l l  be  r e f l e c t e d  
i n  pump e f f i c i e n c y .  The l o w  p re s su re  downstream of t h e  bear ing  
in su res  minimum f l o x  overboard leakage through t h e  primary s h a f t  seal  
and permits  reduced f ace  loading  of t h e  primary s h a f t  seal  f o r  
r e l i a b i l i t y  and long l i f e .  
The 
The 
Impeller 
Balance 
- Housina 
Floating 
Ring Seal 
Figure  92. Oxidizer  Bearing Upstream Shaft  GS 11217 
Sea l  
e. Shaf t  Sea l  Package 
The ox id ize r  pump s h a f t  sea l  package i s  shown i n  f i g u r e  93 .  The 
package inco rpora t e s  primary seals a t  e i t h e r  end, one f o r  f l o x  a t  t h e  
pump end, and one f o r  methane a t  t h e  gearbox end. Secondary seals are 
provided behind each primary seal ,  and the  cavities between t h e  p r i -  
mary and secondary seals are vented overboard (through nonpropulsive 
v e n t s  when t h e  engine is opera t ing  i n  space) t o  prevent  mixing of t h e  
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. hypergol ic  p r o p e l l a n t s  t h a t  l e a k  through t h e  primary seals. There 
i s  a t h i r d  c a v i t y  between t h e  secondary seals, which i s  a l s o  vented 
t o  space;  however, use of a hel ium purge a t  t h i s  c e n t e r  c a v i t y  i s  
recommended f o r  ground t e s t i n g  t o  a s s u r e  p o s i t i v e  sepa ra t ion  of t h e  
p r o p e l l a n t s  e 
The gene ra l  conf igu ra t ion  of t h e  seal package i s  i d e n t i c a l  t o  
t h a t  of t h e  RLlO ox id ize r  pump, The fou r  seal arrangement has  
proved extremely e f f e c t i v e  i n  f luorine/hydrogen and flox/methane test- 
i n g  of modified RLlO engines .  On one occasion,  a modified RL103-3 
engine survived t h e  f a i l u r e  of a primary f l u o r i n e  seal wi th  t h e  only 
damage sus t a ined  be ing  l i m i t e d  t o  t h e  o x i d i z e r  pump seal  package. 
of t h e  seals i n  the  5000-lb (22 .24  kN) ox id ize r  pump s h a f t  seal 
package are bellows type f ace  seals whereas in te rmedia te  seals i n  t h e  
RLlO pump are s p l i t  r i n g  type  seals. The al l -bel lows seal  arrangement 
is similar t o  t h a t  of f l u o r i n e  pumps, designed t o  provide more p o s i t i v e  
s e a l i n g .  Use of a l l  bellow seals increased  t h e  length  of t h e  seal  
package s l i g h t l y ,  bu t  t h e  a d d i t i o n a l  l eng th  w a s  considered j u s t i f i e d .  
All 
Overboard 
K162B Seal plate 
K162B Seal Plate 
Aluminum Oxide Seal 
Figure 93. Oxidizer Pump Shaf t  Sea l  Package GS 1 1 1 8 3 B  
Inconel  X w a s  s p e c i f i e d  f o r  seal bel lows;  it w a s  be l i eved  t h a t  
t h i s  material would overcome d e f i c i e n c i e s  of t h e  s t a i n l e s s  s tee l  
and Inconel  718 materials used i n  seals of modified RLlOpumps, t e s t e d  
i n  f l u o r i n e  and f lox .  Spl ined r e t a i n e r s  were incorpora ted  t o  i s o l a t e  
to rque  and provide damping whi le  pe rmi t t i ng  a x i a l  travel.  Materials 
s e l e c t e d  f o r  rubbing seal s u r f a c e s  dup l i ca t ed  those used i n  modified 
RLlOA-1 oxid izer  pumps, t e s t e d  i n  l i q u i d  f l o x .  The primary ox id ize r  
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sea l  inco rpora t e s  Kentanium K162B* f o r  both t h e  nosepiece aad t h e  
mating r i n g .  The common mating r i n g  f o r  t h e  secondary seals i s  
Kentanium K-162B; t h e  s t a t i o n a r y  nosepiece of ox id i ze r  sea l  i s  
aluminum oxide and t h a t  of t he  f u e l  seal  is  aluminum oxide. The f u e l  
primary seal  uses  a convent ional  carbon s t a t i o n a r y  nosepiece and 
chromium p l a t e d  s t a i n l e s s  s t ee l  r o t a t i n g  mating r i n g .  
I n  Sec t ion  111, i t  w a s  s t a t e d  t h a t  sea l  rubbing v e l o c i t i e s  up t o  
145 f t / s e c  (44.20 m/sec) had been demonstrated wi th  f l u o r i n e  compatible 
sea l  materials,  and t h a t  i t  w a s  be l i eved  t h a t  rubbing v e l o c i t i e s  up t o  
approximately 190 f t / s e c  (57.91 m/sec) were p o s s i b l e  wi th  e x i s t i n g  
materials. This i n c r e a s e  i n  rubbing v e l o c i t y  w a s  p red ic t ed  on t h e  
b a s i s  of a t t a i n a b l e  seal loading.  An important  c r i t e r i o n  i n  determin- 
ing  l i m i t a t i o n s  of seal  f ace  materials i s  t h e  PV f a c t o r ,  t h e  product 
of t h e  u n i t  p re s su re  a c t i n g  on the  seal f a c e  j u n c t i o n  ( p s i )  and t h e  
rubbing v e l o c i t y  (fpm). The u n i t  p re s su re  i s  t h e  t o t a l  l oad  r e s u l t i n g  
from t h e  bellows preload and t h e  unbalanced pressure-area f o r c e  on t h e  
seal  f ace ,  d iv ided  by t h e  con tac t  area. Although most experience wi th  
f l u o r i n e  pump seal materials t e s t e d  by P r a t t  & Whitney A i r c r a f t  w a s  a t  
t h e  ope ra t ing  condi t ions  of t h e  lUl0  o x i d i z e r  pump, a few tes ts  were 
conducted wi th  v a r i e d  seal  pre loads  and rubbing v e l o c i t i e s .  A summary 
of t he  d a t a  from these  tests, inc luding  PV f a c t o r s ,  f o r  K162B rubbing 
on K162B i s  given i n  t a b l e  XXX. It w i l l  be  noted t h a t  PV f a c t o r s  up t o  
855,000 w e r e  demonstrated s u c c e s s f u l l y  wh i l e  f a i l u r e s  occurred a t  a PV 
f a c t o r  of 1,300,000. 
The t o t a l  p re s su re  loading on t h e  main ox id ize r  seal  f ace  f o r  t h e  
5000-lb (22.24 kN) flox/methane engine pump w a s  c a l c u l a t e d  t o  be  
10.6 p s i  (7.31 N/cm ) with  a 50 p s i  (34.47 N/ctn2) p re s su re  d i f f e r e n t i a l  
ac ross  t h e  seal. 
across  t h e  s e a l ,  a cond i t ion  which would e x i s t  i f  t h e  bea r ing  upstream 
seal  were n o t  incorpora ted ,  t h e  t o t a l  p re s su re  loading  would be  
2 
With 600 p s i  (413.7 N/cm2) p res su re  d i f f e r e n t i a l  
70.4 p s i  (48.54 N/cmL). 
was 11,500 f t /min  (3505 m/m); t hus ,  t he  PV f a c t o r  would be 122,000 
with the  bear ing upstream seal ,  and 810,000 wi thout  it. Therefore ,  
t he  seal  material combination would be s a t i s f a c t o r y  even i f  the  
bear ing upstream seal  were t o  f a i l .  
The rubbing speed a t  t h e  uprated t h r u s t  level  
9:Kentamium K-162B i s  a des igna t ion  of t h e  Kennametal Company, 
Latrobe , Pennsylvania.  
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Table XXXI. S e a l  Rig T e s t  Data f o r  K162B on K162B 
Test du ra t ion ,  min. 
Speed, rpm ( r ad / s )  
Rubbing Veloci ty ,  Fpm (m/m) 
Spr ing  Loading, l b  (kg) 
Pressure  Loading, l b  (kg) 
S e a l  P res su re  x Veloci ty  
Nosepiece Wear, i n .  (cm) 
Mating Ring Wear, i n .  (cm) 
Remarks 
30 
11,000 
(1152) 
5 , 300 
(1615) 
14 
(6.35) 
36 
(16.33) 
520,000 
0.0001 
(0.000254: 
N i l  
Success f u? 
30 
18,000 
(1885) 
B y  700 
(2652) 
14 
(6.35) 
36 
(16.33) 
85'5,000 
' N i l  
N i l  
Success fu:  
30 
11,000 
(1152) 
5 , 300 
(1615) 
40 
(18.14) 
36 
(16.33) 
79 3 , 000 
0.0013 
(0.00330) 
0.0004 
Successful 
(0.00102) 
2 
18,000 
(1885) 
8 , 700 
(2652) 
40 
(18.14) 
36 
(16.33) 
1,3OO,OOO 
0.0021 
(0.00534) 
0.0015 
(0.003 81) 
Fa i l ed  
It w a s  no t  poss ib l e  t o  make a s t r a igh t fo rward  assessment of t h e  
c a p a b i l i t i e s  of the  secondary seal  materials s e l e c t e d  on t h e  b a s i s  of 
experience.  The materials were demonstrated i n  t h e  in te rmedia te  seal 
l o c a t i o n s  of t h e  R L l O  seal  package i n  f l u o r i n e  tes ts  a t  rubbing 
v e l o c i t i e s  up t o  170 f t / s e c  (51.82 m/sec) , but  as noted above, t h i s  
w a s  i n  s p l i t  r i n g  type  seals. Unit f ace  loading  f o r  t h i s  s p l i t  r i n g  
seal ,  i s  d i f f i c u l t  t o  assess because a p o r t i o n  of t h e  a x i a l  load is  
t ransmi t ted  t o  t he  pump housing by f r i c t i o n .  Therefore ,  t h e  
equiva len t  PV f a c t o r  f o r  t h e  secondary sea l  p o s i t i o n  cannot be  d i r e c t -  
l y  c a l c u l a t e d .  
ever, because of t h e  low p r e s s u r e  d i f f e r e n t i a l  across  t h e  seal ,  and 
t h e r e f o r e  i s  of reduced importance. Considering rubbing v e l o c i t y  
a long,  t he  v e l o c i t y  requi red  f o r  the  5000-lb (22.24 kN) f lox /  
The f a c e  loading  on t h e  secondary seals is  low, how- 
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methane engine i s  192 f t / s e c  (58.52 m/sec) a t  t h e  8000-lb (35.59 kN) 
t h r u s t  l e v e l  and 139 f t / s e c  (42.37 m/sec) a t  t h e  5000-lb (22.24 kN) 
t h r u s t  level. Since 170 f t / s e c  (51.82 m/sec) was demonstrated,  no 
seal material problems a t  the  in t e rmed ia t e  l o c a t i o n  are a n t i c i p a t e d  
a t  t h e  design p o i n t ,  and i t  i s  reasonable  t o  b e l i e v e  t h a t  t rouble-  
f r e e  ope ra t ion  a t  t h e  upra ted  t h r u s t  level i s  f e a s i b l e .  
f ,  Sha f t  and Support System 
The o x i d i z e r  pump s h a f t  i s  made of 347 s t a i n l e s s  s teel  and is  
mounted on a f r o n t  b a l l  bea r ing  and a rear r o l l e r  bear ing .  
t h r u s t  l oad  i s  t r a n s f e r r e d  t o  t h e  ox id ize r  pump housing by the  f r o n t  
b a l l  bea r ing  which i s  loca ted  between t h e  o x i d i z e r  s h a f t  seal  
package and t h e  impel le r .  Balance r i n g s  are provided on both ends 
of t h e  s h a f t  t o  a l low f o r  dynamic balancing.  The ca l cu la t ed  c r i t i -  
c a l  speed f o r  t he  s h a f t  w a s  85,900 rpm (8995 r a d / s ) .  This pro- 
v ides  a c r i t i c a l  speed margin of 150%. The bear ing  t h r u s t  load w a s  
ca l cu la t ed  from the  unbalanced fo rces  on the  impel le r  t o  be 823 l b  
(36.70 kN) a t  the  8000-lb (35.59 k N )  t h r u s t  des ign  p o i n t .  A t  
the  5000-lb (22.24 kN) t h r u s t  l e v e l  t h i s  load is  reduced t o  700 l b  
(31.14 kN) . 
The 
This  b a l l  bea r ing  i s  cooled and l u b r i c a t e d  by f l o x .  The calcu- 
l a t e d  minimum flow rate r equ i r ed  t o  cool  t h e  bea r ing  a t  t h e  
8000-lb (35.5.9 kN) des ign  po in t  w a s  0.013 l b / s e c  (0.00590 kg/sec)  
based on t h e  h e a t  generated due t o  the  t h r u s t  loads  and f r i c t i o n  
fo rces .  The bea r ing  coolan t  flow t h a t  w i l l  be  allowed by a r i n g  
type bea r ing  upstream seal  w a s  es t imated  a t  0.108 l b / s e c  
(48.99 kg / sec ) ,  which should provide adequate margin. The materials 
f o r  t he  f l o x  bea r ing  w e r e  no t  s e l e c t e d .  It i s  understood t h a t  t h e r e  
are a few candida te  materials f o r  such bear ings  t h a t  are s t i l l  be ing  
eva lua ted  by another  i n v e s t i g a t o r  under NASA c o n t r a c t ,  and it  w a s  
f e l t  t h a t  s e l e c t i o n  should be de fe r r ed  u n t i l  t h e  r e s u l t s  of t h i s  
work become a v a i l a b l e .  The bear ing  DN w a s  ca l cu la t ed  t o  be 850,000, 
which i s  bel ieved t o  be w e l l  w i th in  demonstrated va lues .  
The rear r o l l e r  b e a r i n g  i s  mounted i n  t h e  gearbox housing,  where 
it  is  cooled by l i q u i d  methane supp l i ed  through d r i l l e d  passages i n  
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the  housings.  The coolan t  f lowra te  w a s  ca l cu la t ed  t o  be 0.008 l b / s e c  
(0.00365 kg/sec)  and the  bear ing  DN w a s  ca l cu la t ed  t o  be 510,000. The 
bea r ing  r o l l e r s  and races are consummable-electrode, vacuum-melted 
AMs 5630 material. The bea r ing  s e p a r a t o r  i s  aluminum-armored p l a s t i c ,  
g, Housings 
There are two forged aluminum housings f o r  t h e  ox id ize r  pump. 
The i n l e t  housing inc ludes  a machined vo lu te  c o l l e c t o r  and a s t r a i g h t  
t a n g e n t i a l  nozzle  d i f f u s e r  f o r  t h e  recovery of t h e  v e l o c i t y  head. The 
housing stress l i m i t a t i o n  w a s  e s t a b l i s h e d  a t  85% of t h e  0.2% o f f s e t  
y i e l d  s t r eng th .  The f l ange  w a s  designed f o r  a maximum d e f l e c t i o n  
of 0.0001 i n .  (0.0254 cm) t o  ensure low leakage. The f l ange  i s  
sea l ed  wi th  an uncoated aluminum angle  gaske t ,  r a t h e r  than t h e  metal 
O-rings used i n  t h e  f u e l  pump. This  type  f l ange  j o i n t  w a s  s e l e c t e d  
on t h e  b a s i s  of e f f e c t i v e  s e a l i n g  R L l O  o x i d i z e r  pumps t e s t e d  i n  
f l u o r i n e  , 
h.  Performance 
P red ic t ed  pump ope ra t ing  c h a r a c t e r i s t i c s  are shown i n  f i g u r e  9 4  
f o r  t h e  requi red  ranges of f lowra tes  and p res su re  rises. The l i m i t a -  
t i o n s  imposed by a l a c k  of experimental  background d a t a  f o r  pumps of 
t h e  s i z e s  be ing  considered apply t o  the  o x i d i z e r  pump as w e l l  as t h e  
f u e l  pump; t h e r e f o r e ,  a l o s s  a n a l y s i s  w a s  conducted f o r  t h i s  pump 
a l s o ;  t h e  r e s u l t s  are shown i n  t a b l e  XXXII. 
lb/sec 
FLOWRATE 
kg/sec 
I I I I I I 
0 2 4 6 8 10 
Figure 94. Space S to rab le  Engine Oxidizer Pump FD 31588 
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Table XXXII. Calculated Oxidizer  Pump Losses 
Volumetric e f f i c i e n c y ,  % 98.0 
Shroud Rec i r cu la t ion  Losses ,  
Bearing coolant  l o s s ,  
Shaf t  Leakage Loss,  
l b / s e c  (kg/sec)  0.212 (0.0962) 
l b / s e c  (kg/sec)  0.108 (0.0490) 
l b / s e c  (kg/sec)  N i l  
Mechanical e f f i c i e n c y ,  % 89.5 
Bearing Load, hp (W) 0.16 (119.3) 
Disk F r i c t i o n  Loss, hp (W) 7.35 (5481) 
Rubbing Seal Losses 
(Shaft  Seal Package) , hp (W) 0.7 (552) 
Hydraulic e f f i c i e n c y ,  % 77.6 
Impel le r  Flow Channel e f f i c i e n c y ,  % 85.0 
Co l l ec to r  and Di f fuse r  e f f i c i e n c y ,  % 91.5 
The i n d i c a t e d  pump e f f i c i e n c y  based on t h e  above l o s s e s  v7as ca l cu la t ed  
t o  be 68%. 
f i g u r e  1 7  i s  62.1%. The ind ica t ed  va lue  of pump e f f i c i e n c y  i s  
approximately 6% h ighe r  than  Worthington. A s  i n  t h e  case of t h e  
f u e l  pump, t h e  r i n g  sea l  leakages were ca l cu la t ed  on t h e  b a s i s  of 
complete c o n c e n t r i c i t y ,  and zero leakage was assumed across  t h e  ver t i -  
c a l  s e a l i n g  su r faces .  .When allowance i s  made f o r  t hese  assumptions,  
t he  p red ic t ed  e f f i c i e n c y  level based on s i m i l a r i t y  appears t o  be  
q u i t e  reasonable .  
The e f f i c i e n c y  p red ic t ed  by t h e  Worthington curve of 
3. Turbine 
A c-ross s e c t i o n  view of the  t u r b i n e ,  which is  a s ingle-s tage ,  
par t ia l -admiss ion ,  impulse type,  is  shown i n  f i g u r e  95. 
a. Rotor 
There are 38 blades incorporated on the  r o t o r ;  t he  mean diameter  
i s  3 i n .  (7.62 cm), and t h e  blade h e i g h t  is  0.34 in .  (0.0864 cm). The 
r o t o r  b lades  are machined i n t e g r a l  wi th  t h e  r o t o r  and are f u l l y  
shrouded t o  prevent  b lade  t i p  leakage.  The shroud i s  a t tached  wi th  
gold-nickel  braze,  and a 3-s tep l a b y r i n t h  seal wi th  a maximum r a d i a l  
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c lea rance  of 0.005 i n .  (0.0127 cm) is provided between the  shroud and 
the  housing t o  reduce leakage. The r o t o r  and shroud are made from a 
forged n i c k e l  based a l l o y  wi th  a composition comparable t o  t h a t  which 
I n t e r n a t i o n a l  Nickel Company i d e n t i f i e s  as IN100. This  material i s  
c u r r e n t l y  being developed by P r a t t  & Whitney A i r c r a f t  f o r  h igh  tempera- 
t u r e  t u r b i n e  d i s k s .  Calcu la ted  r o t o r  stresses are shown i n  f i g u r e  96. 
Allowable stresses are shown f o r  comparison, and i t  w i l l  be  noted t h a t  
s i g n i f i c a n t  margins are a v a i l a b l e .  
Turbine Housing 
0.190-in.-32 UNJF Bolt 
(0.483 - 81.28 cm) 
Figure  
A 
B 
C 
D 
E 
Figure  
95. Turbine Cross Sec t ion  FD 31590 
Calculated 
StreeS, 
psi (N/m2) 
Braze Tensile Stress 6,470 (4461) 
Blade Root Stress 25,700 (17729 
Tangential Stress 60,360 (34715) 
Tangential Streas 33,700 (23240) 
Radial stress 5840 (4027) 
Tangential Stress a730 (47390) 
96. Turbine Rotor Stresses 
Allowable 
Stress, 
psi (N/cm*) 
84.500 (58260) 
13,000 (8963) 
84,600 (58260) 
84,500 (58260) 
84,500 (58260) 
84,600 (58260) 
FD 31586 
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b .  S t a t o r  
Eight  vanes are incorpora ted  on t h e  t u r b i n e  s t a t o r .  Only s i x  of 
t h e s e  are used t o  provide t h e  nominal a r c  of admission (31%); t h e  
remainder are plugged, bu t  are a v a i l a b l e  f o r  t u r b i n e  area adjustments .  
A s i n g l e  nozzle  can be p a r t i a l l y  plugged f o r  more p r e c i s e  adjustments .  
The s t a t o r  i s  Inconel  718, and t h e  vanes are a t t ached  wi th  gold-nickel  
braze ,  
c .  Shaft  
The suspension system f o r  t h e  f u e l  pump-turbine s h a f t  was 
descr ibed i n  t h e  f u e l  pump d i scuss ion  (paragraph B . l ) .  The t u r b i n e  
r o t o r  i s  a t tached  t o  t h e  s h a f t  wi th  a locked b o l t ,  and torque  i s  
t r ansmi t t ed  from t h e  r o t o r  t o  t h e  s h a f t  through a 4-tooth s p l i n e .  
The t u r b i n e  s h a f t  seal package i s  shown i n  f i g u r e  97. The p r i -  
mary s h a f t  seal i s  a rubbing f a c e  sea l .  A four  s t e p  l abyr in th  s e a l  
(0.005 i n . ,  0 . 1 2 7  cm, maximum r a d i a l  c l ea rance )  i s  provided upstream 
of t h e  f a c e  s e a l  t o  provide a measure of redundancy i n  t h e  event of a 
f ace  seal  f a i l u r e ,  and t o  provide an a d d i t i o n a l  r e s t r i c t i o n  t o  leakage 
flow. An a d d i t i o n a l  s i n g l e  s t e p  l a b y r i n t h  seal i s  provided downstream 
of t h e  f a c e  seal .  The c a v i t y  between t h i s  seal  and t h e  f ace  seal  i s  
vented overboard t o  prevent  t h e  ho t  t u r b i n e  gases  from en te r ing  t h e  
gearbox. The t o t a l  overboard t u r b i n e  leakage w a s  c a l c u l a t e d  t o  be 
0 . 0 6  l b / s e c  (0 .23  kg/sec)  a t  t h e  upra ted  design po in t  and 0 . 0 2 9  l b /  
s ec  (0.013 kg/sec) a t  t h e  5000-lb (22 .24  k.N) t h r u s t  des ign  po in t .  
With t h e  except ion of t he  carbon f ace ,  s h a f t  seal components are 
Inconel  718 mater ia l .  
d .  Housings 
Turbine i n l e t  and d ischarge  housings are configured a s  shown i n  
f i g u r e  95. Manifolds are designed t o  provide  cons tan t  v e l o c i t y .  The 
housings are Inconel  718 and are connected wi th  a bo l t ed  f l ange  j o i n t .  
The f langes  were designed f o r  a maximum d e f l e c t i o n  of 0.0001 i n .  
(0.000254 cm) t o  ensure low leakage va lues .  A metal O-ring seal i s  shown 
i n  f i g u r e  98, bu t  t h i s  s e l e c t i o n  should be reeva lua ted  when r e s u l t s  
from t h e  s t a t i c  seal  eva lua t ion  program being conducted under A i r  
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Force Contract  F04611-68-C-0002 become a v a i l a b l e .  
stress l i m i t a t i o n  w a s  e s t a b l i s h e d  a t  85% of t h e  0.2% o f f s e t  y i e l d  
s t r e n g t h ;  however, t h e  a c t u a l  stress l e v e l s  w e r e  much less t h a n  th i s  
becausd of minimum dimension cons ide ra t ions .  
The maximum housing 
End Loss 
Coef f i c i en t  
Vane 0.942 
Rotor 0.865 
Seal 
P r o f i l e  Loss T r a i l i n g  Edge 
Coef f i c i en t  Coef f i c i en t  
0.962 0.996 
0.876 0.990 
Vent 
Figure  97. Turbine S h a f t  Sea l  Package FD 31583 
e .  Performance 
The p red ic t ed  t u r b i n e  e f f t c i e n c y  a t  the  5000-lb (22.24 KN) 
des ign  p o i n t  is  68.8%. Predic ted  tu rb ine  e f f i c i e n c y  i s  shown vs  t u r -  
b i n e  i s e n t r o p i c  v e l o c i t y  r a t i o  i n  f i g u r e  98. The c a l c u l a t e d  t u r b i n e  
l o s s  c o e f f i c i e n t s  a t  t h e  des ign  p o i n t  are shown i n  t a b l e  XXXIII. 
I n  a d d i t i o n  t o  t h e s e  lo s ses ,  t h e  p a r t i a l  admission degrada t ion  was 
c a l c u l a t e d  t o  be  9 percentage p o i n t s ,  and t h e  shroud leakage was cal- 
c u l a t e d  t o  be 5% of t h e  t u r b i n e  flow. 
168 
w 
MEAN ISENTROPIC VELOCITY RATIO 
F 
Figure  98. Turbine Ef f i c i ency  vs Mean 
I s e n t r o p i c  Veloc i t y  R a t  i o  
FD 31589 
f .  Gear T r a i n  
Spur gears  on t h e  main d r i v e  s h a f t ,  i d l e r  s h a f t ,  and o x i d i z e r  
pump s h a f t  t ransmi t  power from t h e  t u r b i n e  t o  t h e  o x i d i z e r  pump. Gear 
cool ing  and l u b r i c a t i o n  are provided by t h e  gaseous methane atmosphere 
i n  t h e  housing. The gears  are machined from forged AMs 6260 material  
and t h e  t e e t h  are ca rbur i zed  and coa ted  wi th  an  a n t i s c u f f i n g  c o a t i n g  
(Molybdenum Disulf ide-Graphi te  v a r n i s h )  t o  provide  dry  l u b r i c a t i o n .  
The gear  loading  c h a r a c t e r i s t i c s  a t  t h e  8000-lb (35.59 kN) t h r u s t  
cond i t ion  are shown i n  t a b l e  XXXIV:; comparable R L l O  va lues  are 
included f o r  comparison. 
It w i l l  be  noted from t a b l e  XXXIV t h a t  t h e  gea r  loading  f o r  t h e  
upra ted  flox/methane engine i s  much less than  t h a t  of t h e  RLlO; however, 
t h e  p i t c h  l i n e  v e l o c i t y  i s  h igher .  P i t c h  l i n e  v e l o c i t i e s  g r e a t e r  than  
27,000 f t / m i n  (8230 m/min) are considered s ta te -of - the-ar t  f o r  long- 
l i f e  convent iona l ly  l u b r i c a t e d  gears .  Extensive d a t a  f o r  gears  wi thout  
convent ional  l u b r i c a t i o n  are no t  a v a i l a b l e ,  b u t  s h o r t e r  l i f e  and g r e a t e r  
wear must b e  expected a t  h igh  p i t c h  l i n e  v e l o c i t i e s .  Gears from upra ted  
RLlO engines  have demonstrated very  low wear c h a r a c t e r i s t i c s  a t  p i t c h  
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R L l O  engines  used b i l l -o f -ma te r i a l  gear  t r a i n s  i n  which the  i d l e r  gear 
is  mounted on two r o l l e r  bea r ings ,  and t h e  gea r  wear i n  965 seconds 
of ope ra t ion  a t  p i t c h  l i n e  v e l o c i t i e s  of approximately 19,000 f t /min  
(5974 m/min) w a s  0.006 in .  (0.1525 cm) f o r  t h i s  conf igura t ion .  The 
i d l e r  gear  w a s  mounted on a s i n g l e  r o l l e r  bear ing ,  and hence more f ree-  
dom of motion w a s  provided f o r  gear  s e l f  alignment i n  later up ra t ing  tests. 
With t h i s  modi f ica t ion ,  an updated engine w a s  t e s t e d  f o r  a t o t a l  of 
2400 seconds,  of which 1683 seconds were accumulated a t  t h e  20,000-lb 
(88.96 kN) t h r u s t  level. P i t c h  l i n e  v e l o c i t i e s  ranged from 18,700 
f t / m i n  (5700 m/min) t o  20,400 f t / m i n  (6218 m/min), and the gear  wear w a s  
n e g l i g i b l e .  
Table  XXXIV. Gear Loading C h a r a c t e r i s t i c s  
P i t c h  Line 
Veloc i ty  , 
f t /min (m/min) 
Tangent ia l  
Load, l b  (N) 
Hertz  S t r e s s ,  
p s i  (N/cm2) 
Dynamic Load, 
I b  (N) 
B e a m  Fa t igue  
S t rength ,  l b  (N) 
S t a t o r  Beam, 
S t rength ,  l b  (N) 
Fuel  Pump Shaf t  Gear 
and I d l e r  Gear Mechanism 
8000 l b  (35.59 kN) 
Flox/Methane 
24,176 
(7369) 
109 
(484.8) 
63,500 
(43820) 
449 
(199 700) 
860 
(3825) 
1,775 
(7895) 
RL10A3-3 
15,570 
(4746) 
295 
(1313) 
76,900 
(53060) 
1,545 
(6872) 
1,865 
(8296) 
3 , 849 
(17120) 
Oxidizer  Pump Shaf t  Gear 
and I d l e r  Gear Mechanisn 
8000 l b  (35.59 kN) 
Flox / M e  thane 
24,176 
(7369) 
109 
(484.8) 
75 , 000 
(5 1750) 
751 
(3340) 
1,287 
(5725) 
2,655 
(11810) 
RL10A3-3 
15,570 
(4746) 
295 
(1313) 
73 , 000 
(50370) 
1,460 
(6494) 
1,857 
(8260) 
3,832 
(17040) 
Based upon the  RLlO engine exper ience ,  t h e  i d l e r  gear mount f o r  
t he  5000-lb (22.24 kN) f lox  methane engine was designed as a s i n g l e  
b a l l  bear ing  t o  provide  t h e  s e l f  alignment f e a t u r e .  The p i t c h  l i n e  
170 
v e l o c i t y  f o r  t he  gears  a t  the  5000 l b  (22.24 kN) des ign  po in t  is 
17,500 f t / rnin (5334 m/min). Thus, t h e  f e a s i b i l i t y  of un lubr ica ted  
gears  ope ra t ing  a t  t h i s  l e v e l  of p i t c h  l i n e  v e l o c i t y  has d e f i n i t e l y  
been e s t a b l i s h e d ,  and a reasonable  e x t r a p o l a t i o n  would i n d i c a t e  t h a t  
up ra t ing  t o  8000 l b  (35.59 kN) i s  completely f e a s i b l e .  
The i d l e r  gear  b a l l  bear ing  i s  cooled wi th  l i q u i d  methane sup- 
p l i e d  through d r i l l e d  passages i n  t h e  housings and i n  t h e  i d l e r  gear  
s h a f t .  The r equ i r ed  bea r ing  coolan t  f low rate w a s  c a l c u l a t e d  t o  be 
0.003 l b / s e d  (0.00136 kg/sec) ; t o  meter t h i s  s m a l l  flow, a series of 
o r i f i c e s  was used i n  t h e  housing passage as shown earlier i n  the  f u e l  
pump ske tch  of f i g u r e  83. The bea r ing  DN i s  375,000; b a l l s  and r a c e s  
are consumable e l ec t rode ,  vacuum-melted AMs5630 material. The i d l e r  
s h a f t  i s  made of 347 s t a i n l e s s  s teel  material .  
The gearbox housing i s  made of  aluminum; i n t e r n a l  p re s su re  i s  
maintained a t  50 p s i a  (34.47 N/cm2) wi th  a p r e s s u r e  r e l i e f  va lve  of  t h e  
type  shown i n  f i g u r e  9 9 .  
f -  Metal o-Ring Valve Seat 
Gearbox Housing 
Retainer J 
Figure  99 .  Gearbox Rel ie f  Valve FD 31584 
C .  INJECTOR 
A d u a l - o r i f i c e  i n j e c t o r  was s e l e c t e d  f o r  t he  5000 l b  (22.24 kN) 
engine pre l iminary  des ign  t o  provide high performance and s t a b l e  com- 
bus t ion  over  a wide t h r u s t  range so  t h a t  t h e  d e s i r e d  up ra t ing  and 
t h r o t t l i n g  c a p a b i l i t i e s  would be  inhe ren t  i n  t h e  b a s i c  hardware. 
b a s i s  f o r  the s e l e c t i o n  of a d u a l - o r i f i c e  f o r  t h r o t t l i n g  c a p a b i l i t y  
w a s  given i n  Sec t ion  111, paragraph F. 
cep t  i s  c l a s s i f i e d ,  and t h e  c o n f i d e n t i a l  a spec t s  of t h e  design w i l l  
The 
The d u a l - o r i f i c e  i n j e c t o r  con- 
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not  be descr ibed  i n  t h i s  r e p o r t .  Reference 15 provides  a d e t a i l e d  
d e s c r i p t i o n  of  t h e  d u a l - o r i f i c e  concept as appl ied  t o  a gaseous f u e l -  
l i q u i d  ox id ize r  i n j e c t i o n  a p p l i c a t i o n  such as t h a t  considered h e r e .  
A r e l a t i v e l y  convent ional  coax ia l  i n j e c t o r  would provide h igh  
performance and s t a b l e  combustion f o r  f i x e d  t h r u s t  opera t ion ,  and t h e  
d u a l - o r i f i c e  f e a t u r e  would not  be  r equ i r ed .  A new f i x e d  t h r u s t  i n j e c -  
t o r  w a s  no t  designed i n  t h i s  e f f o r t  because a bas i c  design w a s  avail- 
a b l e  from Contract  NAS3-11190. I n  t h a t  program, a coax ia l  i n j e c t o r  
wi th  t a n g e n t i a l  e n t r y  swirlers demonstrated over 97% c+: e f f i c i e n c y  a t  
the  5000 l b  (22 .24  kN) engine des ign  cond i t ions ;  the  des ign  is  
descr ibed  i n  Reference 6 .  
I n  t h e  Task I s t u d i e s ,  t h e  requirement f o r  a d u a l - o r i f i c e  i n j e c -  
t o r  f o r  t h r o t t l e d  ope ra t ion  w a s  based on a n a l y s i s  of of f -des ign  
i n j e c t o r  p re s su re  drops t h a t  recognized a c o n t r a c t  requirement t h a t  t h e  
ox id ize r  i n j e c t o r  p re s su re  drop be less than  25% of chamber p re s su re  a t  
t h e  des ign  p o i n t .  
p rovide  more t h r o t t l i n g  p o t e n t i a l  f o r  a f i x e d  geometry i n j e c t o r ,  bu t  
t h e  h igher  des ign  p res su re  drops would reduce t h e  fue l - to-oxid izer  
momentum r a t i o  a t  t h e  des ign  po in t ,  making h igh  e f f i c i e n c y  d i f f i -  
c u l t  t o  a t t a i n ,  and would i n c r e a s e  r equ i r ed  pump power. 
oxygen/hydrogen RLlO program, i t  has been demonstrated t h a t  1O:l 
t h r o t t l i n g  i s  f e a s i b l e  wi th  convent ional  coax ia l  i n j e c t o r s  and des ign  
p o i n t  ox id i ze r  i n j e c t o r  p r e s s u r e  drops of less than  20%. However, with 
flox/methane, performance requirements a r e  known t o  be more severe 
than  f o r  oxygen-hydrogen. 
ments f o r  combustion s t a b i l i t y  may a l s o  be more c r i t i c a l .  Thus it w a s  
concluded t h a t ,  because t h e  d u a l - o r i f i c e  i n j e c t o r  o f f e r e d  a means of 
t a i l o r i n g  performance and a s su r ing  system s t a b i l i t y  through adjustment 
of f low s p l i t  (as i s  explained i n  t h e  fol lowing paragraphs)  without  
hardware changes and wi th  l i t t l e  inc rease  i n  i n j e c t o r  c o s t  o r  complex- 
i t y ,  i t s  use  was j u s t i f i e d .  
The use  of h ighe r  design p o i n t  p re s su re  drops would 
I n  t h e  
It i s  reasonable  t o  assume t h a t  r equ i r e -  
1. Est imated Performance 
The d u a l - o r i f i c e  i n j e c t o r . c o n c e p t  has  demonstrated e x c e l l e n t  
performance and s t a b i l i t y  over  a wide t h r o t t l i n g  range under t h r e e  A i r  
Force c o n t r a c t s  (References 15, 16, and 1 7 ) .  Dual -or i f ice  i n j e c t o r s  
172 
i nco rpora t e  p a r a l l e l  p r o p e l l a n t  pa ths  f o r  one o r  both p r o p e l l a n t s ;  
s t a b i l i t y  and h igh  performance are obta ined  over a range of  t h r u s t  
l e v e l s  by vary ing  t h e  flow s p l i t  between t h e  pa ths ,  which are i d e n t i -  
f i e d  as pr imary and secondary. I n  gas- l iqu id  systems, dual  f lowpaths 
are provided only f o r  t h e  l i q u i d  which i n  t h i s  case i s  t h e  o x i d i z e r .  
Based upon r e s u l t s  ob ta ined  i n  tests of such i n j e c t o r s ,  t h e  s p l i t  i n  
ox id i ze r  flow i s  be l i eved  t o  b e n e f i t  performance because ox id ize r  
a tomiza t ion  i s  increased  through an  in te rchange  of momentum between t h e  
primary and secondary o x i d i z e r  streams. One major advantage of t h e  
d u a l - o r i f i c e  i n j e c t o r  i s  t h e  c a p a b i l i t y  of op t imiz ing  flow s p l i t  and 
fue l - to-oxid izer  momentum r a t i o  independent ly  t o  o b t a i n  maximum 
performance. 
A d u a l - o r i f i c e  i n j e c t o r  designed f o r  and t e s t e d  wi th  f l u o r i n e -  
hydrogen p r o p e l l a n t s  under A i r  Force Contract  AF04(011)-9965 w a s  t e s t e d  
wi th  flox-methane by P&WA i n  a n  independent ly  sponsored program. The 
i n j e c t o r  was t e s t e d  a t  chamber p r e s s u r e  levels of 250, 500, and 750 
p s i a  (172.4, 345.7, and 518.1 N/cm2). A t  500 and 750 p s i a  (345.7 
and 518.1 N / c m  ), i t  w a s  no t  poss ib l e  t o  vary  ox id ize r  flow s p l i t  
because of i n j e c t o r  geometry l i m i t a t i o n s  ; however , v a r i a t i o n s  were pos- 
2 
2 s i b l e  a t  250 p s i a  (172.4 N/cm ) chamber pressure .  The combustion 
e f f i c i e n c y  w a s  found t o  be a func t ion  of chamber p re s su re  and ox id ize r  
flow s p l i t  f o r  a given l e v e l  of fue l - to-oxid izer  i n j e c t i o n  momentum 
r a t i o ,  which has  been found t o  be a reasonable  parameter f o r  c o r r e l a -  
t i o n  of r e s u l t s  i n  previous i n v e s t i g a t i o n s  w i t h  gas - l iqu id  i n j e c t o r s .  
Chamber p re s su re  e f f e c t s  a r e  apparent  from f i g u r e  100 which shows t h a t  
h igh  performance w a s  ob ta ined  a t  lower i n j e c t i o n  momentum r a t i o s  as 
chamber p re s su re  w a s  increased .  Flow s p l i t  e f f e c t s  were found t o  be  
s i m i l a r  t o  those  demonstrated f o r  f luorine-hydrogen i n  t h e  c o n t r a c t  
program. 
in te rchange  (per  pound of o x i d i z e r  flow pe r  second),  which i s  
def ined as: 
These were c o r r e l a t e d  us ing  t h e  parameter o x i d i z e r  momentum 
L 
ox W 
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where : 
d V p o  = change i n  primary ox id ize r  v e l o c i t y ,  f t / s e c  (m/sec) 
w = primary ox id ize r  flow, l b / s e c  (kg/sec)  
P 
W = t o t a l  ox id i ze r  flow, l b / s e c  (kg/sec)  ox 
U W  d l  I Note: Oxidizer Momentum 
Interchan e Less Than 2.0 f 
u 
85 
FUEL T O  OXIDIZER INJECTION 
MOMENTUM RATIO, Wf Vf N,V, 
Figure  100. Dual O r i f i c e  I n j e c t o r  Performance FD 29220 
0 
The e f f e c t  of momentum in te rchange  on performance i s  shown i n  
f i g u r e  101, which p resen t s  c?: e f f i c i e n c y  vs momentum r a t i o  f o r  var ious  
levels of momentum in te rchange .  It can  be seen  t h a t  i nc reas ing  t h e  
o x i d i z e r  momentum in te rchange  can  g r e a t l y  f a c i l i t a t e  ob ta in ing  h igh  
performance by reducing t h e  momentum r a t i o s  r equ i r ed .  The a b i l i t y  t o  
i n c r e a s e  performance through o x i d i z e r  momentum in te rchange  i s  par t ic -  
u l a r l y  important  f o r  h igh  chamber p re s su re  ope ra t ion  where h igh  fue l -  
to -oxid izer  momentum r a t i o s  are d i f f i c u l t  t o  achieve  because of 
geometric l i m i t a t i o n s  on t h e  i n j e c t o r .  
One e f f e c t  of t h e  momentum in te rchange  i s  t o  improve atomizat ion,  
which has  been found t o  be  important  f o r  t h e  flox/methane combination. 
F igure  102 compares t h e  performance of coax ia l  i n j e c t o r s  t h a t  have been 
t e s t e d  wi th  flox-methane; modified RLlOA-1 and RLlOA-3 t ypes ,  and a 
t a n g e n t i a l  e n t r y  s w i r l e r  type  ( t e s t e d  under Contract  NAS3-11190). The 
RLlOA-1 i n j e c t o r s  had s t r a i g h t  concen t r i c  j e t s ,  and t h e  RLlOA-3 i n j e c -  
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t o r  elements included r ibbon type  swirlers i n  t h e  l i q u i d  ox id ize r  
spuds.  The inc rease  i n  performance wi th  swirlers i s  obvious when t h e  
two R L l O  i n j e c t o r s  are compared. The Contract  NAS3-11190 i n j e c t o r  
inc luding  t a n g e n t i a l  e n t r y  swirlers demonstrates another  e f f e c t ;  each 
ox id ize r  element i n  t h i s  i n j e c t o r  w a s  c a l i b r a t e d  p r i o r  t o  i n s t a l l a t i o n  
t o  ensure  even m a s s  and mixture  r a t i o  d i s t r i b u t i o n  ac ross  t h e  f a c e  of 
t h e  i n j e c t o r .  
i s  a t t r i b u t e d  mostly t o  t h e  b e t t e r  p rope l l an t  d i s t r i b u t i o n  t h a t  
r e s u l t e d ,  bu t  t h e  h ighe r  chamber p re s su re  and t h e  h igh  ox id ize r  pres -  
s u r e  drops used a l s o  c o n t r i b u t e d .  
The i n c r e a s e  i n  performance over t h e  RLlOA-3 i n j e c t o r  
0 1.0 
ge >15 I >2<15 
D 3.0 I D 
FUEL TO OXIDIZER INJECTION MOMENTUM RATIO, WfVf/WoVo 
Figure  101. E f f e c t  of Oxidizer Momentum 
Interchange on Dual Orif i c e  
I n j e c t o r  Performance 
FD 29207 
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FUEL TO OXIDIZER INJECTION MOMENTUM RATIO, WfVf/WoVo 
Figure  102. Flox/Methane I n j e c t o r  Performance FD 29191 
The c a p a b i l i t y  f o r  a f f e c t i n g  performance wi th  flow s p l i t  can be 
seen  by comparing f i g u r e s  103 and 104. A t  t h e  low levels of ox id i ze r  
momentum interchange,  h igher  momentum r a t i o s  are requi red  t o  achieve  
good performance wi th  t h e  d u a l - o r i f i c e  i n j e c t o r  as compared t o  t h e  
t a n g e n t i a l  e n t r y  swir ler  i n j e c t o r ;  however, when h igher  levels of oxi-  
d i z e r  momentum in te rchange  are considered t h e  d u a l - o r i f i c e  i n j e c t o r  i s  
s u p e r i o r .  For example, f i g u r e  103 compares t h e  t a n g e n t i a l  e n t r y  
swirler i n j e c t o r  w i th  t h e  d u a l - o r i f i c e  i n j e c t o r  a t  h igh  flow s p l i t s  on 
t h e  b a s i s  of momentum r a t i o  and f i g u r e  104 compares t h e  two i n j e c t o r s  
on t h e  b a s i s  of mixture  r a t i o  us ing  an optimized flow s p l i t  f o r  t h e  
d u a l - o r i f i c e  i n j e c t o r .  It can be seen  t h a t  t h e  d u a l - o r i f i c e  i n j e c t o r  
which w a s  designed f o r  f luorine/hydrogen shows s l i g h t l y  b e t t e r  per- 
formance than  t h e  f i x e d  geometry u n i t  designed s p e c i f i c a l l y  f o r  f l o x /  
methane, even though t h e  d a t a  f o r  i t  were taken  a t  lower p re s su res .  
(F igure  100 showed t h e  b e n e f i c i a l  e f f e c t  of h igh  chamber p re s su re  on 
performance.)  
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Figure  103. Comparison of Dual-Orif ice  and FD 29210 
Tangent ia l  Ent ry  In j ec t o r s  Based 
On Momentum Ra t io  
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Figure  104. Comparison of Dual-Orif ice  and FD 29209 
Tangent ia l  Entry I n j e c t o r s  Based 
On Mixture Rat io  
I f  provided t h e  necessary fue l - to-oxid izer  momentum r a t i o  and 
ox id ize r  momentum in te rchange ,  t h e  d u a l - o r i f i c e  i n j e c t o r  w i l l  provide 
high cg: e f f i c i e n c y  over t h e  e n t i r e  1 O : l  t h r u s t  range and f o r  t h e  
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upra t ed  engine ope ra t ing  p o i n t .  Table  m V .  shows t h e  c a l c u l a t e d  
va lues  of momentum r a t i o  and momentum exchange f o r  t h e  des ign  used i n  
t h e  5000 l b  (22.24 kN) engine.  A pred ic t ed  c+c e f f i c i e n c y ,  based on 
e x t r a p o l a t i o n  of t h e  d a t a  i n  f i g u r e s  100, 101, and 102 is a l s o  
inc luded .  Even i f  t h e  p r e d i c t i o n  i s  s l i g h t l y  o p t i m i s t i c ,  i t  appears  
t h a t  cJ; e f f i c i e n c i e s  i n  excess of  98% over  t h e  e n t i r e  t h r u s t  range 
should be r e a d i l y  achievable .  
Table  XXXV. I n j e c t o r  C h a r a c t e r i s t i c s  
Fue 1 - t o  - 
Oxidizer 
Momentum 
Ra t io  
Oxidizer Predic ted  
Momentum C h a r a c t e r i s t i c  
In te rchange  VeSoclty . 
Eff i c i ency ,  X 
Thrust  , 
I b  (N)  
8000 
(35.59 kN) 
5000 
(22.24 kN) 
(2.224 kN) 
500 
Chamber 
Pressure  , 
p s i a  (N/cm2) 
800 
(551.6) 
500 
(334.7) 
(34.47) 
50 
1 . 9  
3 .2  
11.7 
1 . 4  98.7 
2 . 3  99 
13 .8  99+ 
ing operation. To prevent distortion of the injection pattern, provi- 
sion has been made for mechanically centering oxidizer spuds in the 
injector elements. The high fuel temperature also led to incorpora- 
tion of a titanium insulating plate between the fuel cavity and oxidizer 
divider plate to reduce internal heat transfer. The titanium plate 
would not be required for full thrust operation, but is needed to 
reduce oxidizer boiling at reduced thrust. 
D. THRUST CHAMBER 
The Thermal Skin thrust chamber and coolant passage geometries for 
the preliminary engine design were similar to those used in the Task I 
studies except for the change in the exhaust nozzle expansion ratio and 
contour. 
optimum cooling with minimum manifold weight. 
heavily on experience gained under Contract NAS3-11190 and is similar 
to experimental regeneratively cooled chambers being built under that 
contract. The most significant differences between the two designs 
are (1) changes in the combustion chamber geometry as discussed in 
Section 111, (2) a moderate improvement in coolant channel dimensional 
limitations, justified primarily on the basis of Contract NAS3-11190 
experi'ence, and (3) all-flight-weight construction chamber compared to 
the use of "workhorse" flanges, manifolds, etc., on the experimental 
chamber. Thrust chamber design characteristics are summarized in 
table XXXVI. 
Pass-and-one-half counterflow cooling was used to provide 
The design was based 
Table XXXVI. Preliminary Design Thrust Chamber Characteristics 
Contraction Ratio 
Chamber Length (injector face to nozzle throat), in. 
(cm) 
Characteristic Length 
Throat Diameter, in. (cm) 
Nozzle Expansion Ratio 
Nozzle Exit Diameter, in. (cm) 
Nozzle Length, in. (cm) 
N o .  of Thermal Skin Staves 
Weight, lb (kg) 
4: 1 
13.0 (33.02) 
36.0 
2.60 (6.60) 
70: 1 
21.75 (55.25) 
26.25 (66.68) 
6 
32.7 (14.83) 
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1. Coolant Passage Geometry 
The t h r u s t  chamber coolan t  passage geometry i s  descr ibed  graphi-  
c a l l y  i n  f i g u r e  105. 
i ng  channels  nominally 0.052 i n .  (0.1322 cm) deep. 
passages doubles i n  t h e  nozz le  d ivergent  s e c t i o n  a t  the  coolan t  i n l e t  
manifold 20 i n .  (50.80 cm) downstream of t h e  i n j e c t o r  face ,  and aga in  
34 i n .  (86.36 em) downstream a t  a nozz le  area r a t i o  of 52. The passage 
width i s  0.077 i n .  (0.1955 cm) a t  t h e  i n j e c t o r  f a c e  and diminishes  t o  a 
minimum value  of 0.026 i n .  (0.06611 cm) a t  t h e  nozz le  t h r o a t  f o r  a maxi- 
mum depth-to-width r a t i o  of 2.0. 
t o  0.025 i n .  (0.0610 t o  0.0636 cm) i s  maintained throughout t h e  l eng th  
of  t h e  chamber. 
The combustion chamber and t h r o a t  have 168 cool- 
The number of  
A n e a r l y  cons tan t  land wid th  of 0.024 
0.35- r;l 
0.30 - 
0.25- $ 3: 
0.15- 2 
0.10- 
0.05- 
E 0.20- 2Z.j 
25 i 
0.03 I I I I I I I I I I 
I I 1 I I I I L 0.02 I I 
in. 
SURFACE DISTANCE FROM INJECTOR 
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cm 
Figure 105. Thrust  Chamber Cooling Passage FD 279348 
Geometry Auxi l ia ry  Hex Cycle 
Design 2 
F igure  106 shows t h e  layout  of t h e  cool ing  passages on one of t h e  
f l a t  p l a t e s  used t o  form t h e  ind iv idua l  staves. The coolan t  e n t e r s  
20.0 i n .  (50.80 cm) downstream of t h e  i n j e c t o r ,  flows t o  t h e  nozzle  
e x i t ,  and r e t u r n s  through a s e p a r a t e  se t  of passages t o  t h e  e x i t  mani- 
f o l d  a t  t h e  i n j e c t o r  face. Two mating p l a t e s  are engraved t o  a depth 
of 0.026 i n .  (0.0661 cm) t o  provide t h e  requi red  0.052 i n .  (0.1322 cm) 
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passage depth i n  t h e  brazed assembly o r  stave. A t  t h e  nozzle  e x i t ,  t h e  
p l a t e s  are engraved so  t h a t  t h e  flow from each passage being fed by t h e  
i n l e t  manifold i s  r e s t r i c t e d  t o  a s i n g l e  passage flowing toward t h e  
i n j e c t o r .  This  arrangement e l imina te s  one p o t e n t i a l  source  of coolan t  
m a l d i s t r i b u t i o n ,  i . e . ,  vapor- l iqu id  s e p a r a t i o n  when two-phase flow i s  
present  a t  t h e  t u r n  around manifold.  
2 .  Cons t ruc t ion  
The complete t h r u s t  chamber assembly c o n s i s t i n g  of s ix  brazed 
staves i s  shown i n  f i g u r e  107. The inne r  p l a t e  of each stave i s  f a b r i -  
ca t ed  from n i c k e l  200 t o  provide h igh  thermal conduct iv i ty  and maximum 
compa t ib i l i t y  wi th  t h e  f l u o r i n a t e d  combustion products .  The o u t e r  
p l a t e  of t h e  s t a v e  i s  Inconel  600. 
t u r e  s t r e n g t h  wi th  good engraving c h a r a c t e r i s t i c s .  Inconel  625 would 
provide somewhat h igher  s t r e n g t h ,  bu t  engraving d i f f i c u l t i e s  w e r e  
encountered wi th  t h i s  a l l o y  under Contract NAS 3-11190, and t h e  poten- 
t i a l  weight r educ t ion  i s  not  v i t a l .  Inconel  625 i s  used f o r  t h e  pres -  
s u r e  s h e l l  and manifolds .  
s t r eng th ,  t h e  Inconel  a l l o y s  provide  compatible thermal expansion wi th  
t h e  n i c k e l  l i n e r .  . 
Inconel  600 provides  h igh  tempera- 
I n  a d d i t i o n  t o  good high temperature t e n s i l e  
T h e  braz ing  techniques used i n  the chamber are based heav i ly  on 
Thermal Skin  technology developed under Contract  NAS3-11190. The 
i n d i v i d u a l  staves are gold-nickel  brazed be fo re  forming. The formed 
staves are then welded i n  p l a c e  on a mandrel. A f o u r  p i ece  p re s su re  
s h e l l  i s  then  brazed around the  staves i n  t h e  combustion chamber from 
t h e  a x i a l  l o c a t i o n  of t h e  i n j e c t o r  f a c e  t o  approximately 1-in.  
(2.54-cm) downstream of t h e  nozz le  th roa t .  S i l v e r  b raze  i s  used t o  
a t t a c h  t h e  s h e l l .  Reinforcing s t r i p s  are welded t o  t h e  p re s su re  s h e l l  
a t  mating seams as shown i n  f i g u r e  106. 
welded assemblies ,  are then  welded t o  t h e  chamber. 
The manifolds ,  which are 
181/182 
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3 .  Alternate Fabrication Methods 
As discussed in Section 111, paragraph B, Thermal Skin was 
selected for the Task I analysis primarily on the basis of being able 
to use a high temperature al.loy on the chamber outer wall and provide 
greater versatility for passage branching in the exhaust nozzle. 
Another strong factor in the’selection of Thermal Skin was the experi- 
ence level. Regeneratively cooled Thermal Skin chambers have been 
successfully built and tested by PGCWA with fluorine/hydrogen and 
oxygen/hydrogen propellants. 
Thermal Skin thrust chamber was successfully fabricated and tested with 
flox/methane at conditions nearly identical to the requirements of this 
design, i.e. , 5000-lb (22.24 kN) thrust and 500-psia (344.7 N/cm2) 
chamber pressure. A regeneratively cooled 5000-lb (22.24 kN) thrust 
chamber was designed using experimental heat flux data from the water- 
cooled unit. 
in the spring of 1969. 
confidence in the feasibility of the design established for the 
5000-lb (22.24 kN) engine. However, should another fabrication 
method prove to be advantageous in cost of simplified manufacturing, 
the alternative technique could be investigated. 
Under Contract NAS3-11190 a water-cooled 
Chambers being fabricated to this design will be tested 
This experience has provided a high degree of 
The coolant passage design of figure 105 is compatible for elec- 
troformed construction as it is described in Reference 7. In this 
technique, the lands between coolant passages are formed in voids cut 
in a filler material, The constant land width of 0.025 in. (0.0636 em) 
used may be more readily machined than variable land widths that have 
been used in most previous Thermal Skin designs. The primary design 
changes that would be necessary for electroforming would be: (1) modi- 
fication of the land geometry at points where passages branch to 
facilitate machining of the filler; (2) changing the passage backside 
thickness to provide the required strength with pure nickel; and 
(3) reducing the coolant passage dimensions to compensate for the 
reduction of surface roughness in electroformed, as compared to 
Thermal Skin channels. 
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E .  ENGINE CONTROLS 
Severa l  f a c t o r s  make t h e  pre l iminary  des ign  of an  engine c o n t r o l  
system more t e n t a t i v e  than  t h a t  f o r  major system components such as 
t h e  turbopump, t h r u s t  chamber, and i n j e c t o r .  F i r s t ,  because a major 
func t ion  of t h e  c o n t r o l  system i s  t o  i n t e g r a t e  t h e  ope ra t ion  of the 
major components, t h e  c o n t r o l  system cannot completely be f i n a l i z e d  
u n t i l  t h e  ope ra t ing  c h a r a c t e r i s t i c s  of  t h e  o t h e r  components have been 
f i r m l y  e s t a b l i s h e d .  Second, c o n t r o l  requirements  are h e a v i l y  depen- 
dent  on mission and v e h i c l e  requirements ,  which have not  been s p e c i f i e d  
f o r  t h i s  s tudy .  F i n a l l y ,  c o n t r o l  requirements f o r  s p e c i a l  engine 
ope ra t ing  modes t h a t  might be r equ i r ed  ( t h r o t t l i n g ,  e t c . )  must be 
a n t i c i p a t e d ,  and an  optimized system des ign  must i nc lude  considera-  
t i o n  of t h e  b e s t  way t o  i n t e g r a t e  t h e  c o n t r o l s  f o r  a l l  modes of 
ope ra t ion .  
Because of t h e s e  u n c e r t a i n t i e s ,  t h e  des igns  f o r  c o n t r o l  compo- 
nents  i n  t h e  engine s tudy  were not  s u b j e c t  t o  s tudy  i n  t h e  same d e t a i l  
as were those  of the major components. Ana ly t i ca l  e f f o r t  w a s  d i r e c t e d  
toward s e l e c t i o n  of c o n t r o l  p o i n t s ,  s tudy  of s t a r t i n g  and shut,down 
requirements ,  and cons ide ra t ion  of c o n t r o l  requirements  f o r  s p e c i a l  
cases such as upra t ing ,  t h r o t t l i n g ,  and tank  head i d l e ,  e tc .  I n  t h e  
area of a c t u a l  board design,  pre l iminary  designs were made and spec i -  
f i c a t i o n s  were generated f o r  engine c o n t r o l  valves f o r  f i x e d  t h r u s t  
ope ra t ion  i n  accordance wi th  c o n t r a c t  requirements .  
The s t u d i e s  of engine c o n t r o l  p o i n t s  showed t h a t  c o n t r o l s  s i m i l a r  
t o  t hose  used i n  t h e  RLlO expander c y c l e  engine would provide  a very  
s a t i s f a c t o r y  arrangement. Furthermore, exper ience  i n  t e s t i n g  a modi- 
f i e d  RLlO engine wi th  f l o x  and methane under Contract  NAS3-7950 
(Reference 4 )  showed t h a t  t h e  b a s i c  c y c l e  and c o n t r o l  system were 
s u i t a b l e  f o r  u s e  wi th  t h e  p r o p e l l a n t  combination. Therefore ,  t h e  
des igns  genera ted  were b a s i c a l l y  s c a l e d  down RLlO components. 
mechanical des ign  e f f o r t  w a s  expended, and f e a t u r e s  of t h e  RLlO c o n t r o l  
components which have been proved i n  service, but  which could  not  
o therwise  be recognized and used i n  a p re l imina ry  e f f o r t  of t h i s  type,  
were incorpora ted .  Thus, t h e  designs would provide  a sound base  f o r  
Minimal 
188 
the start of development, although modifications might be required as 
engine operating requirements were crystallized. 
The scope of the study did not permit dynamic simulation to iden- 
tify transient problems or to evaluate engine stability. The funda- 
mental control system operation for fixed thrust operation, which is 
discussed in paragraph 3,  relied heavily on R L l O  experience to define 
transient requirements of a cryogenic expander cycle engine. A con- 
ventional smooth start following a prestart cooldown typical of most 
cryogenic engines currently in use or under development, was assumed. 
1. Control Point Selection 
Functional requirements for the 5000-lb (22.24 kN) engine control 
system 
1. 
2. 
3 .  
4 .  
A s  
include : 
Propellant slwtof f 
Start-up and space restart, encompassing the cooldown and 
fill transients, turbopump acceleration, and thrust. buildup 
Steady-state control of thrust and mixture ratio, including 
the necessary controls to vary thrust over the required 
thrott 1 e range 
Shutdown, including the deceleration of the turbopumps , 
thrust decay, and propellant shutoff 
noted above, iiansient start-up and shutdown problems could 
not be examined in detail because dynamic simulations were beyond the 
scope of the program. Therefore, the primary consideration in the 
selection of control points were mixture ratio and thrust control und(;k 
steady-state conditions. 
engine model developed for the steady-state analysis. 
possible control points, which were premised upon the approach of 
regulating thrust by controlling fuel flow, which provides turbopump 
power and adjusting mixture ratio by varying oxidizer flow. Six fuel- 
side points were evaluated for thrust control: (1) fuel bypass (for 
pump recirculation), (2)  fuel pump discharge, ( 3 )  turbine bypass, 
( 4 )  turbine upstream (line), (5) turbine inlet (variable area stator), 
These were evaluated using-the mathematical 
Figure 108 shows 
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and ( 6 )  t u r b i n e  downstream. 
o x i d i z e r  system f o r  mixture  r a t i o  c o n t r o l :  (1) ox id ize r  pump bypass 
( f o r  r e c i r c u l a t i o n ) ,  (2) o x i d i z e r  pump d ischarge ,  (3 )  o x i d i z e r  i n j e c -  
t o r  primary l i n e ,  and ( 4 )  o x i d i z e r  i n j e c t o r  secondary l i n e .  
Four l o c a t i o n s  w e r e  suggested i n  t h e  
A number of p o s s i b l e  c o n t r o l  p o i n t s  were e l imina ted  by examina- 
t i o n .  Var iab le  t u r b i n e  i n l e t  a r e a  w a s  not  eva lua ted  f o r  t h r u s t  c o n t r o l  
because of system complexity,  and a f u e l  pump d ischarge  t h r o t t l e  w a s  
no t  eva lua ted  because no p o t e n t i a l  advantages were apparent .  The 
o x i d i z e r  i n j e c t o r  secondary flow t h r o t t l e  ( l o c a t i o n  D i n  f i g u r e  108) 
w a s  found t o  be capable  of f u l f i l l i n g  a l l  requirements  f o r  mixture  
r a t i o  c o n t r o l  and no o t h e r  c o n t r o l s  were eva lua ted  on t h e  o x i d i z e r  
s i d e .  Thus, four  t h r u s t  c o n t r o l  schemes and a s i n g l e  mixture  r a t i o  
c o n t r o l  technique w e r e  analyzed.  Off-design ope ra t ion  was considered,  
and f a c t o r s  t h a t  were eva lua ted  i n  t h e  a n a l y s i s  included ( a )  coo l ing  
j a c k e t  s t a b i l i t y ,  (b)  f u e l  system s t a b i l i t y ,  (c) chamber p re s su re  
s t a b i l i t y  and i n j e c t o r  performance, (d)  pump s u c t i o n  requirements ,  
(e) c o n t r o l  va lve  s i z e s  and turndown r a t i o s ,  and ( f )  t h r u s t  trimming. 
1 
Thrust Control Mixture Ratio Control 
1. Fuel Pump Recirculation 
2. Fuel Pump Discharge Throttle 
3. Turbine Bypass 
4. Turbine Upstream Throttle 
5. Variable Inlet Area Turbine 
6. Turbine Downstream Throttle 
A. Oxidizer Pump Recirculation 
B. Oxidizer Pump Discharge Throttle 
C. Oxidizer Injector Primary Throttle 
D. Oxidizer Injector Secondary Throttle 
Figure  108. Poss ib l e  Control  Schemes FD 27846 
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a .  Cooling Jacke t  S t a b i l i t y  
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Under some cond i t ions ,  b o i l i n g  i n s t a b i l i t i e s  of s u f f i c i e n t  magni- 
tude t o  cause  f a i l u r e s  can be i n i t i a t e d  i n  t h r u s t  chamber coolan t  
passages.  These i n s t a b i l i t i e s  can  be minimized by maintaining t h e  
j acke t  p re s su re  a t  levels g r e a t e r  t han  t h e  c r i t i c a l  p re s su re  of t h e  
coolan t .  F igure  109 shows t h e  cool ing  j a c k e t  exit  p r e s s u r e  vs t h r u s t  
f o r  each of t h e  fue l - s ide  c o n t r o l s  considered.  These exit  p re s su res  
would be experienced during engine t h r o t t l i n g  a t  cons tan t  mixture  r a t i o  
when us ing  t h e  va r ious  fue l - s ide  c o n t r o l  va lves  i n  conjunct ion  with 
t h e  o x i d i z e r  secondary t h r o t t l e  c o n t r o l .  The c a l c u l a t e d  p res su re  a t  
which t h e  j a c k e t  w a l l  would f a i l  i s  shown i n  t h e  p l o t  f o r  r e fe rence .  
- 
- 
- 
- 
- 
- 
- 
I n  f i g u r e  109, t h e  t u r b i n e  upstream t h r o t t l e  c o n t r o l  i s  ind ica t ed  
t o  be supe r io r  from t h e  s tandpoin t  of cool ing  j a c k e t  s t a b i l i t y ,  i . e . ,  
t h e  j a c k e t  e x i t  p re s su re  i s  above c r i t i c a l  p re s su re  over a l l  bu t  t h e  
lowest t h r u s t  p o r t i o n  of t h e  ope ra t ing  range, whereas p re s su res  below 
c r i t i c a l  occur i n  t h e  30 t o  50% t h r u s t  range wi th  o t h e r  c o n t r o l  
methods. However, coolan t  j acke t  f a i l u r e s  are p o s s i b l e  over a l a r g e  
t h r u s t  range wi th  t h e  t u r b i n e  upstream t h r o t t l e ,  whi le  a s a f e  margin 
i s  a v a i l a b l e  wi th  the o t h e r  approaches.  Thus, none of t h e  c o n t r o l  
methods considered were completely s a t i s f a c t o r y ,  and i t  w a s  necessary 
t o  s e l e c t  one t h a t  permi t ted  j a c k e t  p re s su res  below c r i t i c a l  t o  occur ,  
o r  t o  cons ider  some combination c o n t r o l  system. 
e Upstream Throttle Not;: Maximum T k s t  = 
e Downstream Throttle 1 (mlb, 35.5? kN) 
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Figure  109. E f f e c t  o f  Thrust  Control  on FD 27845 
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A modified RLlO t h r u s t  chamber has been opera ted  us ing  f l o x  and 
methane wi th  s u b c r i t i c a l  p re s su res  i n  t h e  cool ing  j a c k e t ,  and t h e r e  
were no apparent  i n s t a b i l i t i e s .  Therefore ,  ope ra t ion  wi th  cool ing  
j a c k e t  p re s su res  less than  c r i t i c a l  p re s su re  i s  an acceptab le  a l t e r n a -  
t ive .  The s e v e r i t y  of b o i l i n g  i n s t a b i l i t y ,  when i t  occurs ,  i s  a func- 
t i o n  of h e a t  f l u x  level, l o c a l  coolan t  p r o p e r t i e s ,  and t h e  geometric 
conf igu ra t ion  of t h e  f u e l  system. I f  problems are encountered, modi- 
f i c a t i o n s  t o  t h e  geometric conf igu ra t ion  of t h e  f u e l  system ( t h e  addi- 
t i o n  of o r i f i c e s ,  volumes, e t c . )  can  be accomplished t o  reduce t h e  
s e v e r i t y  t o  an  acceptab le  level.  
I f  i t  w e r e  considered important t o  avoid p re s su res  below c r i t i ca l ,  
i t  would be necessary  t o  u s e  a t u r b i n e  upstream t h r o t t l e  c o n t r o l ,  bu t  
i n  conjunct ion  wi th  one of t h e  o t h e r  f u e l - s i d e  c o n t r o l s .  This  s o l u t i o n  
would a l low t h e  coo l ing  j a c k e t  p r e s s u r e  t o  be  maintained above c r i t i c a l  
p r e s s u r e  over most of t h e  t h r u s t  range, wi th  t h e  c o n t r o l s  scheduled t o  
main ta in  s a f e  ope ra t ing  p res su res  i n  t h e  cool ing  passages.  
b .  Fuel System S t a b i l i t y  
A map of t h e  f u e l  pump c h a r a c t e r i s t i c s ,  wi th  curves  showing t h e  
ope ra t ing  l i n e s  of the engine f o r  t h e  v a r i o u s  t h r u s t  c o n t r o l  modes, i s  
presented  i n  f i g u r e  110. It can  be  assumed t h a t ,  as a component, t h e  
pump w i l l  o p e r a t e  i n  a s t a b l e  cond i t ion  over t h e  e n t i r e  flow range.  
However, phenomena, introduced by system e f f e c t s ,  might d r i v e  t h e  pump 
i n t o  s t a l l  when it i s  a p a r t  of t h e  engine system. The degree of 
i n s t a b i l i t y  t h a t  can  be experienced i s  a func t ion  of  t h e  f l u i d  pro- 
p e r t i e s ,  t h e  geometric conf igu ra t ion  of t h e  f u e l  system, t h e  s l o p e  of 
t h e  f u e l  pump p res su re  r ise vs flow curve,  and t h e  s e v e r i t y  of any 
i n s t a b i l i t i e s  superimposed on t h e  f u e l  pump, such as b o i l i n g  i n s t a b i l -  
i t y  o r  chamber p r e s s u r e  i n s t a b i l i t y .  
Requirements f o r  system s t a b i l i t y  are not  r igo rous ly  def ined .  
However, experience wi th  t h e  oxygen-hydrogen RLlO engine has  shown t h a t  
i t  i s  d e s i r a b l e  t o  ope ra t e  on a negat ive  s l o p e  p o r t i o n  of t h e  p re s su re  
r ise  vs f lowra te  curve.  F igure  110 shows t h a t  t h e  f u e l  pump r e c i r c u l a -  
t i o n ,  t u r b i n e  bypass, and t u r b i n e  downstream t h r o t t l e  c o n t r o l s  w i l l  
m e e t  t h i s  requirement over t h e  e n t i r e  t h r u s t  range.  The t u r b i n e  
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upstream c o n t r o l  has  t h e  most undes i r ab le  c h a r a c t e r i s t i c s ,  with t h e  
ope ra t ing  l i n e  loca t ed  near  t h e  i n f l e c t i o n  p o i n t s  of  t h e  pump's char-  
a c t e r i s t i c  curves  over much of t h e  t h r u s t  range.  
2m 
1750 
1 
Figure  110. Fuel  Pump Operating C h a r a c t e r i s t i c s  FD 278448 
I n  t h e  event t h a t  system s t a b i l i t y  proves marginal ,  t h e  geometry 
of t h e  f u e l  system can be a l t e r e d  s l i g h t l y  t o  c o r r e c t  t h e  cond i t ion .  
I n  t h e  RLlO engine,  an  o r i f i c e  w a s  added a t  t h e  f u e l  pump d ischarge  
during development t o  improve t h e  system c h a r a c t e r i s t i c s  during t h e  
s t a r t i n g  t r a n s i e n t .  For t h r o t t l e d  opera t ion ,  i t  w a s  necessary t o  add 
a c a v i t a t i n g  v e n t u r i  downstream of t h e  f u e l  pump t o  prevent  b o i l i n g  
i n s t a b i l i t i e s  a t  l o w  t h r u s t  from feeding back t o  t h e  f u e l  pump. 
c .  Chamber P res su re  S t a b i l i t y  and I n j e c t o r  Performance 
A s  explained i n  paragraph C, a dual  o r i f i c e  i n j e c t o r  w a s  incor -  
pora ted  i n  t h e , p r e l i m i n a r y  engine des ign  t o  provide  t h r o t t l i n g  capa- 
b i l i t y .  With t h i s  type  of i n j e c t o r ,  t h r o t t l i n g  of  t h e  i n j e c t o r  
secondary ox id ize r  flow f o r  mixture  r a t i o  c o n t r o l  ( l o c a t i o n  D i n  
f i g u r e  108) i s  p a r t i c u l a r l y  convenient and w a s  s e l e c t e d .  I n  t h e  sec- 
ondary o x i d i z e r  f l o w  c o n t r o l  scheme, t h e  ox id ize r  primary p res su re  i s  
set by pump speed, and t h e  secondary flow i s  v a r i e d  t o  achieve t h e  
des i r ed  f lowra te  (mixture  r a t i o ) .  Thus t h e  primary-to-secondary flow 
s p l i t  and t h e  ox id ize r  i n j e c t i o n  momentum are set by turbopump speed.  
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I n  c o n t r a c t  t e s t i n g  of dua l  o r i f i c e  i n j e c t o r s  wi th  f l u o r i n e /  
hydrogen, it w a s  found t h a t  an ox id ize r  flow s p l i t  of 8 t o  10% a t  f u l l  
t h r u s t  and a minimum of 50% a t  t h e  10% t h r u s t  level were r equ i r ed  t o  
o b t a i n  optimum performance w i t h  s t a b l e  combustion. F igure  111 i n d i -  
cates t h a t  t h e s e  l e v e l s  can be obtained wi th  any of t h e  t h r u s t  c o n t r o l  
methods considered.  F igure  112 shows t h a t  fue l - to-oxid izer  momentum 
r a t i o s  exceed 2 a t  reduced t h r u s t  f o r  a l l  c o n t r o l  methods which, based 
upon experience wi th  coaxia l - type  dual  o r i f i c e  i n j e c t o r s ,  should pro- 
v i d e  good combustion e f f i c i e n c y .  
0.8 \ I I - - - -Turbine Downstream Throttle 
.---- fie1 Pump Recirculkion  Turbine ~ y p a s s  I 
\ 
Note: Maximum Thrust = 
8OOO lb (35.59 kN) 
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Figure  111. E f f e c t  of Thrus t  Control Location FD 278438 
On Oxidizer I n j e c t o r  Flow S p l i t  
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Figure 1 1 2 .  E f f e c t  of Thrust  Control Location FD 278428 
On I n j e c t o r  Momentum Ra t io  
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d.  Pump Suct ion  Requirements 
TableXXXVIIshows t h e  pump n e t  p o s i t i v e  s u c t i o n  p res su re  r equ i r e -  
ments a t  t h e  des ign  p o i n t  (5000 l b ;  22.24 k N )  t h r u s t  f o r  t h e  v a r i o u s  
c o n t r o l  schemes considered.  
Table  XXXVII .  Pump I n l e t  Head Requirements 
Turbine 
Downstream 
T h r o t t l e  
Fuel  Pump 
Re c i r  cu 1 a t  i o n  
Fuel Pump N e t  
Suc t ion  P r e s  s u r  e, 
p s i  (N/cm2) 
Oxidizer  Pump 
N e t  Suc t ion  Pressure ,  
p s i  (N/cm2) 
6 .4  (4.41)  
11.2 (7.72)  
32.0 (22.06) 
17 .0  (11.72) 
Turbine 
Bypass 
6 .2  (4 .28)  
10.7 (7.38) I 
One design requirement w a s  ope ra t ion  a t  n e t  p o s i t i v e  s u c t i o n  p res su res  
of less than  8 p s i  (5.52 N/cm2) f o r  t h e  f u e l  pump and less than  12 p s i  
(8.27 N/cm2) f o r  t h e  ox id ize r  pump. Based upon comparable pump design 
requirements and a s u c t i o n  s p e c i f i c  speed of 25,000, e i t h e r  t h e  
t h r o t t l e  downstream c o n t r o l  o r  t u r b i n e  bypass schemes permit engine 
ope ra t ion  wi th in  t h e s e  l i m i t s .  However, no te  t h a t  t h e  maximum va lues  
are exceeded f o r  both p r o p e l l a n t  pumps when t h e  f u e l  pump r e c i r c u l a -  
t i o n  c o n t r o l  i s  used.  This  c o n t r o l  scheme r e q u i r e s  h igher  pump speeds 
than  do t h e  o the r  a l t e r n a t i v e s ;  increased  speed, increased  pump f low 
due t o  r e c i r c u l a t i o n ,  and increased  temperature  of t h e  r e c i r c u l a t e d  
flow a t  t h e  pump i n l e t  a l l  c o n t r i b u t e  t o  t h e  h igh  f u e l  pump NPSP. The 
high o x i d i z e r  pump NPSP r e s u l t s  s o l e l y  from t h e  h ighe r  pump speed. 
e. Control  Valve S izes  and Turndown Rat ios  
The r equ i r ed  e f f e c t i v e  flow areas of t h e  f u e l  s i d e  va lves  f o r  
t h r u s t  c o n t r o l  are shown as a func t ion  of t h r u s t  i n  f i g u r e  113. The 
ox id ize r  c o n t r o l  areas are shown i n  f i g u r e  114. A l l  t h e  t h r u s t  con- 
t r o l  va lves  appear t o  be f e a s i b l e  wi th  r e s p e c t  t o  area and turndown 
r a t i o .  The r equ i r ed  turndown r a t i o s  f o r  t h e  ox id ize r  c o n t r o l  va lves  
used i n  conjunct ion  wi th  t h e  t u r b i n e  downstream t h r o t t l e  o r  wi th  t h e  
f u e l  pump r e c i r c u l a t i o n  c o n t r o l  are high and would complicate  va lve  
design.  
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Figure 113. Thrust  Control  Area Schedules FD 278418 
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Figure  114. E f f e c t  of Thrust  Control  Locat ion FD 278218 
On Oxidizer  Control Area Schedule 
f .  Control  Trimming 
The re la t ive c a p a b i l i t y  of c o n t r o l s  ( a t  t h e  candida te  l o c a t i o n s )  
t o  t r i m  t h r u s t ,  wi thout  s i g n i f i c a n t l y  a l t e r i n g  mixture  r a t i o ,  i s  a 
pr imary f a c t o r  i n  achiev ing  c o n t r o l  s t a b i l i t y  by minimizing i n t e r -  
a c t i o n s  between t h e  two c o n t r o l  va lves .  
and 500-lb (35.59 kN and 22.24 kN) t h r u s t ,  r e s p e c t i v e l y ,  show t h e  
F igures  115 and 116 at 8000 
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e f f e c t  o f  t h r u s t  c o n t r o l  t r i m  on mixture  r a t i o  i f  t h e  ox id ize r  valve 
p o s i t i o n  i s  he ld  cons t an t .  A t  h igh  t h r u s t ,  t h e  t u r b i n e  by-pass con- 
t r o l  has  nea r ly  i d e a l  t r i m  c h a r a c t e r i s t i c s  and i s  supe r io r ,  whi le  a t  
l o w  t h r u s t ,  t h e  f u e l  pump r e c i r c u l a t i o n  has a s l i g h t  advantage over  t h e  
t u r b i n e  bypass c o n t r o l .  The t u r b i n e  downstream c o n t r o l  i s  i n f e r i o r  t o  
t h e  t u r b i n e  bypass c o n t r o l  a t  both t h r u s t  levels. 
Mixture R a t  i o  
Reference Thrus t  = (8000 lbf; 35.59  kN) 
-4 -2 0 2 4 
CHANGE IN REFERENCE THRUST - % 
Figure  116.  E f f e c t  of Thrust  Trimming On FD 31517 
Mixture Rat io  
Reference Thrus t  = (500 l b f ;  2.224 lcN) 
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g.  F i n a l  S e l e c t i o n  
Based on t h e  preceding cons ide ra t ions ,  t h e  t u r b i n e  f u e l  bypass 
w a s  s e l e c t e d  f o r  t h r u s t  c o n t r o l .  The t u r b i n e  upstream c o n t r o l  w a s  
e l imina ted  because of  high coolan t  j acke t  p re s su res  t h a t  would be pre-  
d i c t e d  t o  cause chamber f a i l u r e ,  and t h e  f u e l  pump r e c i r c u l a t i o n  con- 
t r o l  w a s  e l imina ted  because of excess ive  pump i n l e t  p re s su re  r equ i r e -  
ments. This  r e s t r i c t e d  t h e  choice  t o  t h e  t u r b i n e  bypass and t h e  
t u r b i n e  downstream t h r o t t l e ,  and t h e  bypass w a s  chosen because of t h e  
lower r equ i r ed  ox id ize r  c o n t r o l  turndown r a t i o ,  t h e  experience l e v e l  
wi th  t h i s  type  of c o n t r o l  i n  t h e  RLlO engine,  and a s l i g h t  advantage i n  
system s t a b i l i t y .  
2 .  Control Components 
The b a s i c  5000-lb (22 .24  kN) prope l l an t  c o n t r o l  system, based on 
t h e  c o n t r o l  p o i n t s  s e l e c t e d ,  i s  shown schemat ica l ly  i n  f i g u r e  1 1 7 .  It 
c o n s i s t s  of ( a )  two so lenoid  va lves ,  (b)  f u e l  and ox id ize r  i n l e t  shut -  
o f f  va lves ,  ( c )  t h e  f u e l  pump cooldown valve, (d)  t h e  main f u e l  shutof f  
va lve ,  ( e )  t h e  t h r u s t  c o n t r o l ,  and ( f )  t h e  ox id ize r  flow c o n t r o l  va lve .  
These c o n t r o l s  are app l i cab le  t o  a f ixed  t h r u s t  engine without  tank  
head s t a r t ,  autogenous p r e s s u r i z a t i o n ,  o r  p rope l l an t  u t i l i z a t i o n .  Con- 
t r o l  requirements f o r  t h e  s p e c i a l  cases  are d iscussed  i n  later 
s e c t i o n s .  
3 Halium From Vehicle 
Res%& Sdsnoid Volve i -  
IT  
1 - Yo* Solenoid Valve Vsnt - 4 
Figure 1 1 7 .  Engine Control  Schematic GS 11153A 
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A s  noted i n  t h e  in t roduc to ry  remarks a t  t h e  beginning of t h i s  
s ec t ion ,  t h e  s i m i l a r i t y  of t h e  c o n t r o l  system t o  t h a t  of t h e  RLlO 
expander c y c l e  engine l e d  t o  designs t h a t  are b a s i c a l l y  scaled-down 
RLlO components. Many of t h e  s p e c i a l  f e a t u r e s  of  t h e  RLlO c o n t r o l s  
t h a t  were incorpora ted  i n  development over t h e  ope ra t iona l  pe r iod  of 
t h a t  engine,  and which o therwise  might no t  be considered i n  a pre l imi-  
nary design,  have been incorpora ted .  
a.  Prestart  and S t a r t  Solenoid Valves 
The p r e s t a r t  and s ta r t  so lenoid  valves c o n t r o l  t h e  helium supply 
from t h e  v e h i c l e  s t o r a g e  tank  t o  t h e  p r o p e l l a n t  c o n t r o l  valves. 
two va lves  are mounted i n  an i n t e g r a l  housing and are i d e n t i c a l  i n  
ope ra t ion  and cons t ruc t ion .  The p r e s t a r t  valve c o n t r o l s  t h e  hel ium 
supply t o  t h e  f u e l  and ox id ize r  i n l e t  va lve  a c t u a t o r s ,  which open 
before  s t a r t  t o  permit  condi t ion ing  of t h e  f u e l  and ox id ize r  pumps. 
The s ta r t  so lenoid  c o n t r o l s  t h e  hel ium supply t o  t h e  main f u e l  shu to f f  
va lve  and t h e  f u e l  pump cooldown valve. 
The 
A schematic of t h e  so l eno id  va lve  des ign  i s  shown i n  f i g u r e  118. 
I n  t h e  de-energized p o s i t i o n ,  va lve  p o r t  A i s  c losed  and va lve  p o r t  B 
i s  open. The balanced poppet i s  pos i t i oned  by t h e  f o r c e  of t h e  valve 
sp r ing .  A t  e i t h e r  t h e  p r e s t a r t  o r  s ta r t  s i g n a l ,  t h e  r e s p e c t i v e  so l e -  
noid i s  energ ized  by t h e  v e h i c l e  e l e c t r i c a l  supply,  and t h e  plunger  
rod moves t h e  poppet valve t o  a p o s i t i o n  such t h a t  t h e  p o r t  A i s  open 
and p o r t  B i s  f u l l y  c losed .  Helium i s  suppl ied  t o  t h e  r e s p e c t i v e  con- 
t r o l  system component through valve p o r t  A.  A t  shutdown, t h e  so lenoid  
i s  de-energized and t h e  valve s p r i n g  r e t u r n s  t h e  valve poppet t o  a 
p o s i t i o n  t h a t  c l o s e s  A and ven t s  t h e  p re s su re  through p o r t  B ,  
b. P r o p e l l a n t  In l e t  Shutoff  Valves 
The p r o p e l l a n t  i n l e t  shutof f  valves provide  a seal  between t h e  
v e h i c l e  tanks  and t h e  engine pumps during nonf i r ing  per iods ,  and open 
f u l l y  upon a p p l i c a t i o n  of t h e  p r e s t a r t  s i g n a l .  The p rope l l an t  pump 
i n l e t  shu to f f  valves are helium operated,  two-posit ion,  ba l l - type  
normally c losed  valves. 
s e l e c t e d  t o  provide minimum pres su re  drop and flow d i s t o r t i o n  a t  t h e  
(See f i g u r e  119.1 The b a l l  va lve  design w a s  
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engine i n l e t .  The f u e l  and oxid izer  valves  are e s s e n t i a l l y  t h e  s a m e  
i n  design;  t h e  oxid izer  valve i s  s i g n i f i c a n t l y  l a rge r  and sub jec t  t o  
r e s t r i c t i o n s  i n  material s e l e c t i o n  t h a t  do not  apply t o  t h e  f u e l  valve.  
FROM VEHICLE 
TANK\ \ PORT B 7  
OVERBOARD VENT /- r SOLENOID 
\-TO SIGNAL PRESSURE SWITCH 
AND RESPECTIVE SYSTEM 
Figure 118. Solenoid Valve Schematic 
Flow 
FD 4444 
Helium Pressure * 
Figure 119.  Propel lan t  I n l e t  Valve FD 29222 
A t  t h e  p r e s t a r t  s igna l ,  vehicle-supplied helium pressure  a c t s  
upon t h e  ac tua tor  p i s t o n  t o  overcome t h e  r e s i s t a n c e  of t h e  va lve  spr ing  
and t o  provide a l i n e a r  motion of t he  rack.  
motion of t he .ba l1 .  
p rope l lan ts  are allowed t o  pass through t h e  valves  i n t o  t h e  pumps. 
This  produces r o t a t i o n a l  
A s  t h e  b a l l  i s  r o t a t e d  t o  t h e  open pos i t i on ,  
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The elapsed t i m e  from c losed  t o  f u l l y  open p o s i t i o n  i s  est imated a t  
less than  100 mi l l i seconds ,  based on RLlO experience.  
Af t e r  removing t h e  helium pressure,  t h e  b a l l  valve i s  re turned  t o  
i t s  normally closed p o s i t i o n  by t h e  compressed spr ing  and t h e  helium 
boosted p i s ton ,  which g e t s  i t s  boost by leakage pas t  t h e  p i s t o n  r i n g  
seal. The elapsed t i m e  from f u l l y  open t o  c losed  pos i t i on  i s  esti-  
mated t o  be 130-180 mi l l i seconds  f o r  both va lves .  A s  shown i n  f i g -  
ure  119, an o r i f i c e ,  o r  one-way check va lve -o r i f i ce  arrangement, can 
be provided a t  t h e  ac tua to r  f i t t i n g  t o  a l t e r  response between t h e  two 
valves  i f  des i red .  
The bellows assembly acts as a s e a l  between t h e  rack  and gear  
chamber, which i s  exposed t o  p rope l l an t ,  and t h e  sp r ing  chamber, which 
i s  exposed t o  helium. 
mounted and a r e  pos i t ioned  a x i a l l y  by spr ings  t h a t  maintain a cons tan t  
t h r u s t  load f o r  longer bear ing l i f e .  The gear  arrangement and ac tua to r  
bellows have been used i n  modified RLlO i n l e t  valves  of t h i s  type i n  
both l i q u i d  f l u o r i n e  and l i q u i d  f l o x  (References 4 ,  8, and 13) .  
The d r ive  gear  and va lve  b a l l  are bal l -bear ing 
The i n l e t  valve bodies are aluminum, and t h e  valves  have anodized 
I n  f i g u r e  119, a s i n g l e  downstream Teflon (hard c o a t )  aluminum b a l l s .  
s e a l  i s  shown. This i s  s imi l a r  t o  t h e  s e a l s  i n  RLlO engine valves ,  
and i s  considered s u i t a b l e  f o r  t h e  f u e l  valve.  A €arge number of 
R L l O  f u e l  valves  have been f ab r i ca t ed  and t e s t e d ;  as would be expected, 
t h e r e  have been v a r i a t i o n s  i n  leakage. A number of valves  have demon- 
s t r a t e d  very  low leakages,  so  i t  i s  f e l t  that with development, s a t i s -  
fac tory  va lve  sea l ing  f o r  long term space s to rage  can be achieved. 
I n  t h e  fluorine-hydrogen and flox/methane RLlO engine programs, 
gold-plated s t a i n l e s s  steel  seals w e r e  s u b s t i t u t e d  f o r  t h e  Teflon used 
i n  oxygen valves  because Teflon has been considered unsui tab le  f o r  
f luo r ine  se rv ice .  The metal-to-metal s ea l s ,  one a t  each s i d e  of t h e  
valve,  w e r e  used i n  t h e  modified u n i t s .  
venting through leakage, bu t  t h e r e  were losses from a vent  between t h e  
s e a l s .  This  arrangement would not ,  t he re fo re ,  be s u i t a b l e  i f  t h e  
engine i n l e t  valves  are t o  be r e l i e d  upon t o  seal aga ins t  t he  tank  
pressure  during non-f i r ing per iods.  It was not  f e l t  t h a t  a valve con- 
f i g u r a t i o n  which overcame t h e  de f i c i enc ie s  of pas t  u n i t s  could be 
These w e r e  e f f e c t i v e  i n  pre- 
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e s t a b l i s h e d  wi th  any c e r t a i n t y  during t h e  pre l iminary  design, and 
the re fo re ,  t h i s  appears t o  be an  i t e m  which must be  de fe r r ed  f o r  fu r -  
t h e r  eva lua t ion  o r  f o r  p u r s u i t  of p a r a l l e l  approaches i f  development 
were undertaken. Avai lab le  information (Reference 14)  i n d i c a t e s  t h a t  
Tef lon  of t h e  proper  type  may be more s u i t a b l e  f o r  f l u o r i n e  appl ica-  
t i o n s  than  w a s  ear l ier  thought,  bu t  t h i s  approach has not  been 
exp lo i t ed .  The problems a s soc ia t ed  wi th  f ind ing  a s u i t a b l e  grade of 
Tef lon  and e s t a b l i s h i n g  i t s  compa t ib i l i t y  i n  t h i s  a p p l i c a t i o n  might be 
less seve re  than  development of m e t a l l i c  seals wi th  acceptab le  leakage 
rates f o r  two year  s t o r a g e  i n  space.  Another a l t e r n a t i v e  might be t o  
u s e  a va lve  of a d i f f e r e n t  type  t h a t  would be more r e a d i l y  developed, 
bu t  t o  l o c a t e  i t  remotely from t h e  engine so  t h a t  flow d is turbances  
would be d i s s i p a t e d  upstream of t h e  pump. 
c .  Fuel  Pump Cooldown Valve 
The f u e l  pump cooldown va lve  ( f i g u r e  120) provides  overboard 
ven t ing  of f u e l  during p r e s t a r t  t o  cooldown both f u e l  pump s t a g e s  and 
dur ing  shutdown t o  prevent  an excess ive  p re s su re  buildup i n  t h e  coolan t  
j a c k e t .  The valve i s  a pressure-boosted,  s leeve-type,  normally open 
va lve .  The p res su re  boosted f e a t u r e  of t h e  valve w a s  found t o  be nec- 
e s s a r y  t o  ensure  t h a t  t h e  cooldown va lve  would open be fo re  t h e  f u e l  
i n l e t  and main f u e l  shu to f f  valves c losed .  Late opening of t h e  cool- 
down va lve  would permit  l i q u i d  f u e l  t o  be t rapped  i n  t h e  engine flow 
system and could cause an  excess ive  p re s su re  bui ldup i n  t h e  f u e l  pump. 
F igure  120. Fuel Pump Cooldown Valve FD 29221 
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When t h e  f u e l  p r e s t a r t  helium p res su re  s i g n a l  i n i t i a t e s  t h e  
cooldown cyc le ,  t h e  f u e l  i n l e t  va lve  opens and al lows f u e l  t o  pas s  
through t h e  f u e l  pump and overboard through t h e  cooldown va lve .  A t  t h e  
s t a r t  s i g n a l ,  chamber A of t h e  cooldown valve i s  p res su r i zed  wi th  
helium, caus ing  t h e  hel ium a c t u a t o r  p i s t o n  t o  move t h e  p i s t o n  and t h e  
s l e e v e  valve. The sleeve va lve  travels t o  a p o s i t i o n  t h a t  covers  t h e  
vent  p o r t s  and prevents  any f u r t h e r  b leed  f low.  This  i n i t i a l  movement 
of t h e  hel ium a c t u a t o r  p i s t o n  a l s o  serves t o  seat t h e  poppet rod 
a g a i n s t  t h e  poppet seat. Th i s  provides  vent ing  f o r  chamber B and 
chamber D v ia  i n t e r n a l  passages and al lows f u e l  pump d ischarge  pres -  
s u r e  t o  b u i l d  up i n  chamber C a g a i n s t  t h e  p i s t o n .  
A s  t h e  engine a c c e l e r a t e s  i n  t h e  e a r l y  p a r t  o f  t h e  s t a r t  t r a n -  
s i e n t ,  t h e  f u e l  pump d ischarge  p i s t o n  moves t h e  sleeve va lve  aga ins t  a 
Tef lon  seat and provides  a p o s i t i v e  seal  during s t eady- s t a t e  engine 
ope ra t ion .  A t  engine shutdown, t h e  helium p r e s s u r e  i s  vented from 
chamber A, t h e  poppet rod i s  l i f t e d  o f f  t h e  poppet seat and blocks t h e  
vent  t o  chamber B .  Fuel  pump d ischarge  p res su re  e n t e r s  chamber D 
through chamber B and t h e  i n t e r n a l  connect ion.  This  p re s su re  "boosts"  
t h e  sleeve va lve  open r a p i d l y .  The valve i s  i n  t h e  f u l l  open p o s i t i o n  
approximately 20 mi l l i s econds  a f t e r  t h e  poppet valve is  unsea ted .  
This  f a s t  response provides  t h e  p re s su re  r e l i e f  func t ion  p r i o r  t o  i n l e t  
and main f u e l  shu to f f  va lve  c l o s u r e .  
d .  Main Fuel  Shutoff  Valve 
The func t ion  of t h e  main f u e l  shu to f f  va lve  ( f i g u r e  1 2 1 )  i s  t o  
prevent  f low of f u e l  i n t o  t h e  t h r u s t  chamber during cooldown per iods  
and t o  s t o p  f u e l  f low i n t o  t h e  t h r u s t  chamber a t  shutdown. During 
engine ope ra t ion  a t  t h e  des ign  p o i n t ,  t h e  va lve  p re s su re  drop is  only 
7 p s i  ( 4 . 8 3  N/cm2) a t  a f u e l  f low rate of 2.0 l b / s e c  (0.910 kg/sec) .  
The valve i s  a helium-operated,  two-posit ion,  normally c losed  
bu l l e t - type  u n i t .  The b u l l e t  va lve  conf igu ra t ion  w a s  s e l e c t e d  
because i t  i s  l i g h t  i n  weight and because it provides  t h e  f a s t  
response necessary f o r  adequate c o n t r o l  of shutdown impulse.  
s ta r t  s i g n a l ,  v e h i c l e  suppl ied  helium p res su re  a c t s  upon t h e  i n t e r n a l  
A t  t h e  
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e f f e c t i v e  area of t he  bellows t o  overcome the  r e s i s t a n c e  of the valve 
sp r ing  and a c t u a t e s  the  va lve  ga t e .  The e x t e r i o r  of the bellows i s  
vented overboard,  and sea l ed  from f u e l  by a l i p  seal. When t h e  va lve  
g a t e  i s  ac tua ted ,  a flow passage through the  valve housing i s  opened, 
pe rmi t t i ng  f u e l  t o  flow i n t o  the  i n j e c t o r .  A f t e r  removing the  helium 
p r e s s u r e ,  t he  valve ga t e  i s  re turned  t o  i t s  normally c losed  p o s i t i o n  
by the  compressed spr ing .  Sea l ing  i s  e f f e c t e d  by sp r ing  loading a 
s p h e r i c a l  su r f ace  on the  g a t e  a g a i n s t  a con ica l  sur face  on the  valve 
housing and by the ga t e  s e a l  r i ng .  The f u e l  i n l e t  shutof f  valve pro- 
v ides  the  necessary s e a l i n g  between the  v e h i c l e  and the  f u e l  pump; 
the re fo re ,  zero leakage of the main f u e l  shutof f  va lve  i s  n o t  requi red .  
Helium 
Press 
# 
Flow 
Figure 1 2 1 .  Main Fuel Shutoff  Valve FD 29223 
e .  Thrust  Control  Valve 
The t h r u s t  c o n t r o l  va lve  ( f i g u r e  122)  i s  a reduced s c a l e  R L l O  
design.  It i s  a servo-operated va r i ab le -pos i t i on  valve t h a t  c o n t r o l s  
engine t h r u s t  by r e g u l a t i n g  the  amount of f u e l  t h a t  bypasses the t u r -  
b ine  as a func t ion  of combustion chamber pressure .  This ,  i n  t u rn ,  
c o n t r o l s  the speed of t h e  turbopump. 
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Figure  122. Thrus t  Control  FD 29224 
Refer r ing  t o  f i g u r e  122 ,  the r e fe rence  system c a r r i a g e  p o s i t i o n  i s  
(1) t h e  combustion chamber p r e s s u r e  a c t i n g  on t h e  area determined by: 
of t h e  motor bellows; (2)  t h e  r e fe rence  sp r ing  pre load ,  which can be 
remotely ad jus ted  during engine c a l i b r a t i o n  t o  provide  t h e  nominal 
Combustion chamber p re s su re  of 500 p s i a ;  and (3) by p res su re  d i f f e ren -  
tia! a c t i n g  on the r e s e t  bellows a rea .  The reset  bellows i n t e r n a l  
pressure  i s  suppl ied  from body p res su re  through a pneumatic reset 
volume o r i f i c e  i n t o  t h e  r e s e t  bellows. This causes reset p re s su re  t o  
l a g  body p res su re  during engine a c c e l e r a t i o n ,  thus  producing a f o r c e  
t h a t  a l lows t h e  c a r r i a g e  t o  be pos i t i oned  t o  a nominal p o s i t i o n  before  
chamber p re s su re  reaches t h e  500 p s i a  ( 3 4 4 . 7  N / c m  2 ) se t -poin t .  This 
a c t u a t e s  t h e  servo  lever, which b l eeds  o f f  s e rvo  chamber p re s su re  and 
opens the  tu rb ine  bypass a r e a  be fo re  engine nominal condi t ions  are 
reached, t o  reduce t h r u s t  overshoot.  
The bypass va lve  i s  spr ing-loaded i n  the  c losed  p o s i t i o n  and senses  
tu rb ine  d ischarge  pressure  and se rvo  chamber p re s su re .  Servo chamber 
pressure  i s  suppl ied  through an  o r i f i c e d  l i n e  from the  h e a t  exchanger 
d ischarge  passage and i s  b l ed  i n t o  the  body through a shear  o r i f i c e  
servo  va lve ,  which was s e l e c t e d  f o r  i t s  s t a b i l i t y .  Body p res su re  i s  
b led  overboard through a n  o r i f i c e  s i z e d  t o  g ive  the  des i r ed  p res su re .  
When servo  chamber p re s su re  i s  reduced by the  opening of t he  servo  
va lve ,  the  increased  p res su re  d i f f e r e n t i a l  a c t i n g  on t h e  bypass valve 
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is  s u f f i c i e n t  t o  overcome the  va lve  sp r ing  f o r c e  and the va lve  i s  re- 
pos i t ioned .  This  uncovers t h e  contoured bypass p o r t s  t h a t  permit  f low 
t o  bypass the  turb ine .  
The servo  va lve  l eve r  p o s i t i o n  i s  maintained by a fo rce  balance of 
t he  r e fe rence  system, which r e f l e c t s  chamber p re s su re ,  and the  feedback 
s p r i n g ,  which r e f l e c t s  bypass va lve  pos i t i on .  A change i n  chamber 
p re s su re  w i l l  produce a f o r c e  unbalance t h a t  v a r i e s  the  p o s i t i o n  of 
the  se rvo  va lve ,  thereby producing p ropor t iona l  v a r i a t i o n  i n  servo  
chamber pressure .  This p re s su re  v a r i a t i o n  r e p o s i t i o n s  the  bypass 
va lve ,  which a l t e r s  t h e  feedback spr ing  f o r c e  u n t i l  the  f o r c e  balance 
i s  regained.  Reposi t ioning of the  bypass va lve  v a r i e s  t u rb ine  power 
which e s t a b l i s h e s  t o t a l  p r o p e l l a n t  f low, chamber p re s su re ,  and t h r u s t .  
f .  Oxidizer  Flow Control  Valve 
The ox id ize r  flow c o n t r o l  va lve  acts only on the  ox id ize r  secondary 
flow while  the  primary flow goes d i r e c t l y  t o  t h e  i n j e c t o r .  The func- 
t i o n s  of t he  ox id ize r  flow c o n t r o l  and pressure  r e l i e f  valve shown i n  
f i g u r e  123 are as fol lows:  
1. Maintain t h e  requi red  ox id ize r  flow during the cooldown c y c l e  
2. Control  t he  ox id ize r  flow t o  provide an  acceptab le  ox id i ze r -  
t o - fue l  r a t i o  dur ing  the s t a r t  cyc le  
3 .  Permit ground t r i m  of mixture r a t i o .  
Primary Flow 
Grnnnrl Sot 4 
Oxidizer 
Secondaq 
Flow 
Oxidizer 
c- 
Inlet 
Figure 123. Oxidizer  Flow Control Valve FD 29225 
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The o x i d i z e r  secondary  f low d u r i n g  e n g i n e  cooldown i s  c o n t r o l l e d  
b y  f i x e d  area o r i f i c e s  b u i l t  i n t o  t h e  va lve .  The c o n t r o l l e d  o x i d i z e r  
f low i s  n e c e s s a r y  t o  m a i n t a i n  a s a t i s f a c t o r y  o x i d i z e r - t o - f u e l  r a t i o  f o r  
engine  a c c e l e r a t i o n .  An a d d i t i o n a l  o r i f i c e  ("A" i n  f i g u r e  1 2 3 ) ,  which 
i s  c o n t r o l l e d  by t h e  i n l e t  poppet  v a l v e ,  i s  f u l l y  c l o s e d  d u r i n g  c o o l -  
down and d u r i n g  t h e  i n i t i a l  p o r t i o n  of t h e  s ta r t  c y c l e .  
The back  f a c e  of t h e  i n l e t  poppet  valve s e n s e s  pump i n l e t  p r e s s u r e  
and t h e  ups t ream s u r f a c e  i s  s u b j e c t e d  t o  pump d i s c h a r g e  p r e s s u r e .  The 
area opened a t  o r i f i c e  "A" d u r i n g  a c c e l e r a t i o n  i s  a f u n c t i o n  of t h e  
v a l v e  contour  and t h e  o x i d i z e r  pump p r e s s u r e  r i s e .  During t e s t i n g  of 
a modif ied RLlOA-1 e n g i n e  w i t h  flox-methane under C o n t r a c t  NAS3-7950 
(Reference 4 ) ,  i t  was found t h a t  schedul ing  of t h e  o x i d i z e r  f l o w  
d u r i n g  a c c e l e r a t i o n  was c r i t i c a l .  However, t h e  l a r g e  volume of  t h e  
engine  system des igned  f o r  hydrogen c o n t r i b u t e d  t o  t h e  c r i t i c a l i t y  of 
t h i s  f u n c t i o n ,  and i t  i s  b e l i e v e d  t h a t  t h e  s e v e r i t y  of t h e  problem 
w i l l  b e  reduced i n  t h e  5000-lb (22 .24  kN) e n g i n e  des igned  f o r  
methane. A s  mentioned ear l ie r ,  t h e  e x a c t  requi rements  can only  b e  
e s t a b l i s h e d  a f t e r  t h e  performance of t h e  major e n g i n e  components have 
been e s t a b l i s h e d .  
The maximum area of t h e  o x i d i z e r  f l o w  c o n t r o l  i s  r e g u l a t e d  by a n  
a d j u s t m e n t  s t o p  t h a t  can  be remote ly  c o n t r o l l e d  d u r i n g  a n  a c c e p t a n c e  
t e s t .  The flow r e q u i r e m e n t s  are 9.4  lb/sec (4 .26 kg/sec)  a t  a d e s i g n  
p r e s s u r e  drop a c r o s s  t h e  o x i d i z e r  f low c o n t r o l  v a l v e  of  7 0  p s i  
2 (48.26 N / c m  ' ). 
g. Valve S p e c i f i c a t i o n s  
P r e l i m i n a r y  s p e c i f i c a t i o n s  f o r  t h e  n i n e  c o n t r o l  v a l v e s  are pro-  
v i d e d  i n  t ab le  XXXVIII. T o t a l  c o n t r o l  v a l v e  weight  i s  e s t i m a t e d  a t  
14 l b  ( 6 . 3 5  kg) .  T o t a l  e l ec t r i ca l  r e q u i r e m e n t s  are  a maximum of 1 .0  
amperes from p r e s t a r t  t o  s tar t  and 2.0 amperes from s t a r t  t o  shutdown 
w i t h  a v o l t a g e  of 18 t o  29  v o l t s .  From 0.75 t o  3.0 s t a n d a r d  f t  
(21 .23  t o  84.93 s t a n d a r d  l i ters)  of he l ium s u p p l i e d  a t  1500+ - 100 p s i a  
(1034  - + 68.95 N / c m  ) are r e q u i r e d  f o r  each complete  e n g i n e  o p e r a t i o n  
from p r e s t a r t  t o  shutdown. The wide v a r i a t i o n  i n  he l ium requi rements  i s  
based on t h e  p o t e n t i a l l y  h igh  v a r i a t i o n  i n  he l ium tempera ture  a t  shut-down 
(150 t o  620'R; 83.33 t o  344.4"K) which h a s  been provided  f o r .  
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The t e r m  "safe"  leakage as app l i ed  t o  engine overboard leakage i n  
tableXXXVIII is  meant t o  i n f e r  e s s e n t i a l l y  zero  leakage based on con- 
ven t iona l  d e t e c t i o n  methods, The p r o p e l l a n t  i n l e t  valve c losed  leakage 
values shown i n  the  t a b l e  are based on moderate development of the  
sca l ed  down RLlO type va lve  shown i n  f i g u r e  123. This  leakage ra te  
would r e s u l t  i n  a p r o p e l l a n t  l o s s  of approximately 65 lb /yea r  
(29.48 kg/year)  of s t o r a g e  assuming t h a t  the  tanks were a t  t h e i r  maxi- 
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mum p re s su re  (125 p s i a ;  86.19 N/cm ) f o r  the e n t i r e  time. With more 
ex tens ive  development the  va lve  leakage could probably be reduced t o  
10  t o  20% of t h e  leakage r a t e s  shown. 
r a t e s  would r e q u i r e  e i t h e r  a major va lve  modi f ica t ion  o r  complete va lve  
re -des ign  followed by a major development e f f o r t .  
Fu r the r  r educ t ion  i n  leakage 
The va lve  designs are premised on meeting the  requirements of 
s p e c i f i c a t i o n  MIL-E-5149, and q u a l i f i c a t i o n  according t o  MIL-E-5151 and 
MIL-E-5272 unless  ove r r id ing  requirements are  s p e c i f i e d .  The s p e c i f i -  
c a t i o n s  MS-33540, MS-33586, MS-33588, and AND-10056 are a l s o  employed 
where app l i cab le .  Ma te r i a l  s p e c i f i c a t i o n s  a r e  based on ANA B u l l e t i n  
343. 
3. Basic  Control  System Operat ion 
a.  S t a r t i n g  
The engine s t a r t i n g  sequence i s  d iv ided  i n t o  a p r e s t a r t  cyc le  and 
a s ta r t  cycle .  The p r e s t a r t  cyc le  i s  used t o  thermally cond i t ion  the  
turbopumps, and t h e  s ta r t  cyc le  i s  used t o  accelerate t h e  engine t o  
f u l l  t h r u s t .  The p r e s t a r t  cyc le  i s  i n i t i a t e d  by a n  e l e c t r i c a l  s i g n a l  
from the  v e h i c l e ,  which energ izes  the  p r e s t a r t  so lenoid  va lve .  Pres-  
su r i zed  helium flows through t h e  so lenoid  va lve  and opens both pump 
i n l e t  va lves .  P rope l l an t  then flows through and coo l s  t he  turbopumps. 
The f u e l  i s  discharged overboard through the f u e l  pump cooldown va lve ,  
and t h e  ox id i ze r  flows i n t o  the  t h r u s t  chamber through t h e  ox id ize r  
primary i n j e c t o r  supply l i n e  and through a bypass o r i f i c e  incorpora ted  
i n  the ox id ize r  c o n t r o l  valve.  
time i n t e r v a l  r equ i r ed  t o  cool  t he  pumps as determined experimental ly .  
The p r e s t a r t  cyc le  i s  sequenced f o r  t h e  
The s t a r t  cyc le  i s  i n i t i a t e d  by a second e l e c t r i c a l  s i g n a l  from 
the veh ic l e .  The s ta r t  so lenoid  va lve  is  energ ized ,  and pressured  
helium, flowing through t h e  s ta r t  so lenoid  va lve ,  c l o s e s  the  f u e l  cool- 
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down va lve ,  opens the  main f u e l  shu to f f  va lve  and al lows f u e l  from t h e  
pump discharge t o  flow through the  t h r u s t  chamber coolan t  passages.  
The f u e l  passes  through the  tu rb ine  t o  the  i n j e c t o r  where combustion i s  
i n i t i a t e d .  Heat i s  then t r a n s f e r r e d  t o  the  f u e l  f lowing through the  
coo l ing  j a c k e t  provid ing  energy f o r  t h e  tu rb ine  t o  overcome the  s ta t ic  
f r i c t i o n  of t he  turbopump assembly and start  turbopump r o t a t i o n .  The 
o x i d i z e r  c o n t r o l  va lve  a r e a  dur ing  the  s t a r t i n g  t r a n s i e n t  i s  scheduled 
as a func t ion  of the  ox id ize r  pump p res su re  r i s e  as d iscussed  under 
paragraph 2.f .  The a r e a  schedule  m u s t  be  s e t  t o  maintain mixture r a t i o  
w i t h i n  acceptab le  l i m i t s  and prevent  an  excess ive  engine a c c e l e r a t i o n .  
Experience wi th  the  RLlO flox/methane engine showed t h a t  t he  ra te  
of chamber p re s su re  bui ldup  i s  a very important  f a c t o r  i n  the  engine 
s t a r t i n g  t r a n s i e n t .  Too r a p i d  chamber pressure  r i s e  can r e s u l t  i n  
l o c a l i z e d  coo lan t  flow stoppage and passage burnout ,  because of the 
r a p i d  change i n  the  coo lan t  d e n s i t y  when a sudden hea t  load i s  appl ied .  
A s  noted above, the  problem was c r i t i c a l  i n  a modified R L l O  engine,  and 
r equ i r ed  c a r e f u l  schedul ing of the  ox id ize r  c o n t r o l  valve a r e a  t o  pro- 
v ide  a r e l a t i v e l y  slow s tar t  t r a n s i e n t .  This problem should be g r e a t l y  
reduced i n  t h e  5000-lb (22 .24  kN) t h r u s t  engine because t h e  coolan t  
passages are designed f o r  methane r a t h e r  than  hydrogen. The volume of 
co ld  methane t h a t  can accumulate i s  s u b s t a n t i a l l y  reduced. However, 
the  problem i s  recognized and the  r a t e  of chamber pressure  r i s e  can be 
c o n t r o l l e d  as requ i r ed .  
The t h r u s t  c o n t r o l  begins  t o  open during the  engine a c c e l e r a t i o n  
as w a s  d i scussed  i n  paragraph 2.e. The t iming and area schedule of 
t h i s  va lve  must be s e t  t o  complement the  ox id ize r  c o n t r o l  valve i n  
c o n t r o l l i n g  mixture  r a t i o  dur ing  engine a c c e l e r a t i o n .  The t h r u s t  con- 
t r o l  a l s o  l i m i t s  t h r u s t  overshoot  t o  an  acceptab le  l e v e l .  
The  engine s t a r t i n g  system descr ibed  i s  a b a s i c  proven approach; 
however, a r e a  schedules  must be s e t  based on t r a n s i e n t  a n a l y s i s  and 
experimental  component d a t a ,  and some modi f ica t ions  would c e r t a i n l y  be 
r equ i r ed ,  i f  implementation of t he  designs were attempted. To de f ine  
t h e  engine s t a r t i n g  t r a n s i e n t  i n  g r e a t e r  d e t a i l ,  a dynamic s imula t ion  
must be conducted, using actual engine component opera t ing  c h a r a c t e r i s -  
t i c s  wherever poss ib l e .  This i s  beyond the scope of t h i s  c o n t r a c t .  
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Some of the f a c t o r s  t h a t  mus t  be eva lua ted  i n  such a s imula t ion  inc lude :  
1. Engine metal  temperature a t  s ta r t  s i g n a l  
2 .  Mixture r a t i o  during s tar t  t r a n s i e n t  
3.  Rate of chamber p re s su re  bui ldup 
4 .  Pump i n l e t  temperatures  and p res su res  
5. Thrust  overshoot  
6.  Line and component f i l l i n g  c h a r a c t e r i s t i c s  
7. Pump s t a l l  
8. Propel la t i t  phase changes 
9. I n j e c t o r  flow r e v e r s a l s  
10. Time t o  accelerate 
11. Component cooldown c h a r a c t e r i s t c s  
b. Shutdown 
The engine shutdown cyc le  begins  when t h e  e l e c t r i c a l  s i g n a l  from 
t h e  v e h i c l e  te rmina tes .  This  permits  t h e  so lenoid  valves t o  r e t u r n  t o  
t h e i r  normally vented p o s i t i o n ,  which s h u t s  o f f  t h e  helium supply and 
ven t s  t h e  helium from a l l  valve a c t u a t o r s .  Closing t h e  main f u e l  shut- 
of f  va lve  s t o p s  flow through t h e  tu rb ine ,  thus  s topping t h e  pump ro ta -  
t i o n  and al lowing t h e  system t o  come t o  rest .  
va lve  c l o s e s ,  p revent ing  f u e l  from en te r ing  t h e  system. 
cooldown valve opens, d ra in ing  f u e l  from t h e  system t o  prevent  p re s su re  
bui ldup due t o  t rapping  f u e l  between t h e  main f u e l  shutof f  valve and 
t h e  i n l e t  valve.  The o x i d i z e r  i n l e t  shutof f  va lve  c l o s e s ,  s topping 
ox id ize r  flow i n t o  t h e  engine.  
system f lows through t h e  i n j e c t o r  and i n t o  t h e  t h r u s t  chamber. 
The f u e l  i n l e t  shutof f  
The f u e l  pump 
The remaining o x i d i z e r  flow i n  t h e  
4.  Modified Control  Requirements 
The c o n t r o l  system descr ibed  i n  paragraph E.2 and 3 i s  w e l l  def ined  
based on the  a n a l y t i c a l  e f f o r t  conducted under t h i s  c o n t r a c t  and RLlO 
expander cyc le  experience.  Because of the  exper ience ,  t h e r e  i s  a high 
confidence l e v e l  t h a t  such a system could be app l i ed  t o  a f ixed  t h r u s t  
f loxlmethane expander cyc le  engine wi th  minimal c o n t r o l  component 
development. However, the  system as def ined does n o t  provide f o r  spe- 
c i a l  modes of engine opera t ion .  Addi t iona l ly ,  i t  assumes t h a t  conven- 
t i o n a l  approaches such as p r e s t a r t  cooldown f o r  pump condi t ion ing ,  
overboard f u e l  vent ing  a t  engine shutdown, and ground s e t  mixture r a t i o  
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adjustment  and t h r u s t  adjustment  are acceptab le .  
missions f o r  which the  engine i s  p r imar i ly  intended,  non-conventional 
procedures ,  such as use of non-vented tanks ,  are l i k e l y  t o  be employed. 
Therefore ,  i n  a f i n a l  des ign ,  i t  would be necessary t o  re-examine the 
a c c e p t a b i l i t y  of t hese  convent ional  engine procedures.  Such an  exam- 
i n a t i o n  w a s  no t  poss ib l e ,  s i n c e  requirements w e r e  no t  def ined  i n  g r e a t  
d e t a i l ,  and a l s o ,  i t  was not  w i th in  the  scope of a pre l iminary  design 
s tudy.  However, i t  was considered d e s i r a b l e  t o  examine b r i e f l y  the  
p o s s i b i l i t i e s  f o r  t h r o t t l i n g ,  p r o p e l l a n t  u t i l i z a t i o n ,  and tank head 
i d l e  opera t ion .  
For the  deep space 
a. Thro t t l ed  Operation 
To t h r o t t l e  a n  expander cyc le  engine with a tu rb ine  bypass t h r u s t  
c o n t r o l ,  i t  i s  only necessary t o  inc rease  the  bypass area t o  reduce the  
turbopump power. With f i x e d  r a t i o  geared pumps, i t  i s  a l s o  necessary 
t o  modulate the  ox id ize r  flow c o n t r o l  va lve  t o  maintain the  des i r ed  
mixture r a t i o .  These s t e p s  permi t  t h r u s t  r educ t ion  u n t i l  some compo- 
nent  l i m i t a t i o n  is  reached. 
The cyc le  da t a  presented  i n  paragraph A showed t h a t  t h e  valve flow 
a r e a s  used f o r  t h e  c o n t r o l s  of t he  f ixed  t h r u s t  engine,  matched wi th  
accep tab le  turn-down r a t i o s ,  were adequate f o r  10% t h r u s t  and f o r  up- 
r a t i n g  t o  8000-lb (35.59 kN) t h r u s t .  These d a t a  were based on 
nominal engine i n l e t  condi t ions .  I f  h igh  tank p res su res  are  t o  be 
provided f o r ,  s e v e r a l  problems are encountered. A t  f u e l  t ank  p res su res  
above 100 p s i a  (68.95 N/cm ), even i f  t h e  t u r b i n e  flow were bypassed 
completely,  f u e l  f low i n  excess  of t h e  0.22 l b / s e c  (0.100 kg/sec)  
r equ i r ed  f o r  10% t h r u s t  would be  produced by t h e  high tank  pressure .  
Thus t h e  bypass t h r u s t  c o n t r o l  i s  inadequate ,  and a s e p a r a t e  f u e l  
t h r o t t l e  va lve  i n  a d d i t i o n  t o  t h e  t h r u s t  c o n t r o l  would be  requi red .  A 
similar problem e x i s t s  w i t h  t h e  ox id ize r  flow con t ro l .  The ox id ize r  
c o n t r o l  valve i n  t h e  f i x e d  t h r u s t  system t h r o t t l e s  only t h e  ox id ize r  
secondary flow; t h i s  c o n t r o l  p o i n t  w a s  shown t o  be adequate  f o r  10% 
t h r u s t  based on nominal tank pressures .  
s u r e s  t h e  ox id ize r  c o n t r o l  valve turndown r a t i o s  i n c r e a s e  p r o h i b i t i v e l y ,  
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However, a t  h igher  tank pres- 
2 and t h e  upper l i m i t  tank p res su re  (125 p s i a ;  86.19 N / c m  ) i s  s u f f i c i e n t  
t o  f o r c e  excess ive  ox id ize r  flow through t h e  primary o r i f i c e  a lone ,  even 
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i f  t h e  secondary flow i s  completely s h u t  o f f .  It must be concluded 
t h a t ,  t o  accommodate h igh  ox id ize r  tank p res su res  a t  10% t h r u s t ,  bo th  
t h e  o x i d i z e r  primary and secondary flow must be  t h r o t t l e d .  
It has been mentioned t h a t  l i m i t a t i o n s  on components o the r  than  t h e  
c o n t r o l s  can be reached. A p o t e n t i a l  problem wi th  t h r o t t l e d  ope ra t ion  
of a pump-fed engine i s  dynamic flow i n s t a b i l i t y  i n  the  f u e l  system 
r e s u l t i n g  from b o i l i n g  wi th in  the  cool ing  j a c k e t .  This problem w a s  
encountered i n  t h r o t t l i n g  tests of R L l O  engine,  and a c a v i t a t i n g  
v e n t u r i  between t h e  f u e l  pump and t h r u s t  chamber coolan t  i n l e t  w a s  
found t o  b e  h igh ly  success fu l  i n  s t a b i l i z i n g  flow. Since an  a d d i t i o n a l  
f u e l  system p res su re  drop i s  necessary f o r  adequate t h r o t t l i n g  a t  low 
t h r u s t  i n  t h e  5000-lb (22.41kN) engine,  c a v i t a t i n g  v e n t u r i  
upstream of t h e  j a c k e t  i n l e t  could serve bo th  t o  s t a b i l i z e  the system 
and provide t h r o t t l i n g .  
The problems of t h r o t t l i n g  can a l s o  be magnified depending upon 
the to l e rances  which must be he ld  on engine opera t ing  parameters ,  s i n c e  
these  a f f e c t  the  accuracy r equ i r ed  of c o n t r o l  system inpu t s .  Under 
NASA Contrac t  N A S 8 - 1 1 4 2 7 ,  c o n t r o l  requirements f o r  a cryogenic  engine 
with 1 O : l  t h r o t t l i n g  and wi th  r e l a t i v e l y  c l o s e  to l e rances  on t h r u s t  and 
mixture r a t i o s  were i n v e s t i g a t e d  (AEB Control  System Study, Reference 
1 9 ) .  Because of the s i m i l a r i t y  i n  t h e  engine requirements (1O:l 
t h r o t t l i n g ,  p r o p e l l a n t  u t i l i z a t i o n ,  tank head i d l e ,  e tc . )  many of the  
conclusions from t h a t  s tudy  with r e s p e c t  t o  c o n t r o l  input  parameters  
are app l i cab le  t o  a t h r o t t l e a b l e  ve r s ion  of t h e  5000-lb (22.41 kN) 
engine i f  s i m i l a r  requirements  are e s t ab l i shed .  A s  appl ied  t o  the 
5000-lb (22.41kN) engine,  conclusions from t h e  AEB s tudy  are as 
follows : 
1. Thrus t  Control 
a. Both chamber p re s su re  and t o t a l  p r o p e l l a n t  f low senses  are 
s u f f i c i e n t l y  accu ra t e  f o r  s t eady- s t a t e  t h r u s t  con t ro l .  
b .  Chamber p re s su re  o f f e r s  t h e  b e t t e r  t r a n s i e n t  
c h a r a c t e r i s t i c s .  
c .  The r e l a t i v e  a p p l i c a b i l i t y  of t h e  two i s  not  a f f e c t e d  by 
t h e  con t ro l  p o i n t s  used. 
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2 .  Mixture Ra t io  Control  
r a t e )  w a s  t h e  only sense  t h a t  could provide adequate  
mixture  r a t i o  c o n t r o l  a t  low t h r u s t .  
by chamber p r e s s u r e  sense  (Wo/W ) are b e t t e r  t han  those  of 
flowmeters on both p r o p e l l a n t s  ?Wo/Wf). 
a .  Flowmeters b i a sed  by i n l e t  temperature  ( i . e . ,  m a s s  flow- 
b .  The t r a n s i e n t  c h a r a c t e r i s t i c s  of an  ox id ize r  flow d iv ided  
c. The r e l a t i v e  a p p l i c a b i l i t y  of t h e  two methods i s  n o t  
a f f e c t e d  by the  c o n t r o l  p o i n t s  used. 
The s u p e r i o r i t y  of flowmeters f o r  providing accu ra t e  m i x t u r e  r a t i o  
c o n t r o l  a t  low t h r u s t  would f a r  outweigh a l l  o the r  cons ide ra t ions .  
When flowmeters a r e  used f o r  mixture r a t i o  c o n t r o l ,  much of the  poten- 
t i a l  advantage of using chamber pressure  f o r  t h r u s t  c o n t r o l  i s  l o s t ,  
and a n  a d d i t i o n a l  sense (P ) would be requi red .  Consequently, pro-  
p e l l a n t  f low (W + W ) would a l s o  be the  p r e f e r a b l e  sense f o r  t h r u s t  
c o n t r o l .  
C 
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b. P rope l l an t  U t i l i z a t i o n  
The b a s i c  engine c o n t r o l  system, descr ibed  above, provided only  f o r  
trimming t o  e s t a b l i s h  the  nominal mixture r a t i o  a t  nominal i n l e t  condi- 
t i ons .  This i s  accomplished by a d j u s t i n g  the  maximum flow a r e a  of t he  
ox id ize r  c o n t r o l  va lve  as was descr ibed  under paragraph E .2 .  I f  t he  
engine i s  opera ted  with o the r  than  nominal cond i t ions ,  mixture r a t i o  
v a r i a t i o n s  w i l l  r e s u l t .  Figure 124 shows p red ic t ed  v a r i a t i o n s  i n  
mixture  r a t i o  as a func t ion  of pump i n l e t  temperatures ,  assuming t h a t  
p r o p e l l a n t  i n l e t  p re s su res  are ad jus t ed  t o  provide a cons t an t  n e t  pos i -  
t i v e  s u c t i o n  p res su re  over  t he  e n t i r e  temperature range. Note t h a t  a n  
i n c r e a s e  i n  t h e  ox id ize r  i n l e t  temperature  produces a decrease  i n  
engine mixture  r a t i o  whi le  an  i n c r e a s e  i n  t h e  f u e l  i n l e t  temperature  
has  an  oppos i t e  e f f e c t .  
loaded cold and both would gene ra l ly  change temperature  i n  the  same 
d i r e c t i o n  as the  mission progresses .  An o x i d i z e r  temperature inc rease  
would cause a decrease  i n  mixture  r a t i o ,  b u t  a corresponding inc rease  i n  
f u e l  temperature would have a compensating e f f e c t .  The two t e m p e r a t u r e  
e f f e c t s  are approximately a d d i t i v e ;  t h e r e f o r e ,  t he  mixture r a t i o  can be 
determined using the  curves f o r  any combination of i n l e t  temperatures .  
I n  an  a c t u a l  miss ion  t h e  p r o p e l l a n t s  would be  
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F i g u r e  124. E f f e c t  of Pump I n l e t  Temperature GS 11071B 
On Mixture  R a t i o  
I n  a l l  b u t  t h e  ear l ies t  model of t h e  RLlO engine  ( t h e  R L l O A - I ) ,  
c a p a b i l i t y  f o r  v a r y i n g  engine  mixture r a t i o  i n  response  t o  v e h i c l e  
requi rements  f o r  p r o p e l l a n t  u t i l i z a t i o n  i s  i n c o r p o r a t e d  i n  t h e  o x i d i z e r  
f low c o n t r o l  valve.  The valve has  a n  a d j u s t a b l e  r e s t r i c t i o n  adapted  
t o  a v e h i c l e  system a c t u a t o r  which can v a r y  engine  mixture  r a t i o  
w i t h i n  l i m i t s  c o n t r o l l e d  by mechanical  s t o p s  on t h e  v a l v e  ad jus tment  
stem. The a c t u a t o r  i n p u t  i s ,  as n o t e d ,  provided  by a v e h i c l e  system; 
i n  t h e  Centaur  and S a t u r n  v e h i c l e s  which used t h e  RL10, a c o n v e n t i o n a l  
arrangement  was used i n  which t h e  tank  p r o p e l l a n t  l eve l  was sensed and 
mixture  r a t i o  a d j u s t m e n t s  were computed t o  m a i n t a i n  t h e  p r o p e r  pro- 
p e l l a n t  b a l a n c e  i n  t h e  tank.  
I n  t h e  RLlO v a l v e ,  t h e  v a r i a b l e  r e s t r i c t i o n  f e a t u r e  is  i n c o r p o r a t e d  
i n  ser ies  w i t h  t h e  main r e g u l a t i n g  p i s t o n  as a s e p a r a t e  s e c t i o n  of t h e  
valve. 
d e s i g n  f o r  t h e  5000-lb (22.24kN) engine.  
T h i s  arrangement could  r e a d i l y  b e  i n c o r p o r a t e d  i n  t h e  valve 
P o s s i b l e  s o u r c e s  of d i s p r o p o r t i o n a t e  r e s i d u a l s  i n  t h e  tankage a r e  
i n i t i a l  l o a d i n g  e r r o r s ,  p r o p e l l a n t  b o i l o f f  o r  leakage ,  v a r i a t i o n s  i n  
engine  mixture  r a t i o  due t o  p r o p e l l a n t s  b e i n g  s u p p l i e d  a t  c o n d i t i o n s  
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different'than nominal, or errors in trimming the engine mixture ratio. 
For the 5000-lb ( 2 2 . 2 4  kN) engine operating in a vehicle with non- 
vented tankage, there would be no boiloff losses, and the primary 
cause of disproportionate propellant consumption during a mission would 
be engine mixture ratio variations caused by variations in propellant 
inlet temperature. Consequently, if initial loading was accurate, 
propellant utilization might be accomplished by accurate control of 
engine mixture ratio. This could be accomplished by sensing inlet 
temperature and adjusting the oxidizer control valve, accordingly. 
This possibility bears investigation from a vehicle standpoint, since 
it might eliminate the complexity of a propellant utilization system 
based on liquid level sensing. 
c. Tank Head Idle 
Tank head idle is defined as operation of the engine at a low 
thrust level using propellants supplied by tank pressure without bene- 
fit of the turbomachinery. Tank head idle may be considered in con- 
junction with pumped idle operation and autogenous pressurization as a 
means of eliminating the need for a helium pressurization system. 
the combined idle mode with autogenous pressurization, the engine is 
fired initially in the tank head idle mode to settle the propellants 
and thermally condition the turbopumps. Operation is then continued 
into the pumped idle mode where propellants for tank pressurization to 
the level required for full thrust turbopump operation are extracted 
from the engine prior to engine acceleration to full thrust. During 
the pumped idle mode, the pumps operate on essentially zero net posi- 
tive suction pressure (NPSP) and thus the propellant tanks require no 
prior externally supplied pressurization gases. 
"autogenous pressurization" because of its ability for self- 
pressurization. A typical thrust-time curve for the combined system is 
shown in figure 125. 
In 
The system is known as 
In the tank head idle mode with liquid propellants supplied to the 
engine, thrust is limited by the available tank pressure. For the 
inlet requirements of this investigation, the fuel has a lower minimum 
vapor pressure than the oxidizer; consequently, the fuel provides the 
greatest restriction to maximum thrust. Figure 126 shows the maximum 
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chamber pressure that can be maintained by the fuel as a function of 
methane tank temperature. 
ing to that available in an autogenous pressurization system, while the 
dotted line is for typical pump-fed inlet conditions where the neces- 
sary pump NPSP is previously provided by external pressurization. In 
cases where the oxidizer tank pressure drops appreciably below the fuel 
tank pressure, the oxidizer tank pressure becomes the primary limita- 
tion on thrust; however, for the inlet conditions investigated under 
this study (minimum f lox  temperature = 150 R, 83.33 K), the oxidizer 
2 could always maintain a chamber pressure above 10.0 psia (6.90 N/cm ) ,  
even with zero NPSP. 
The solid line is for zero NPSP correspond- 
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On Chamber Pressure 
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Mixture r a t i o  c o n t r o l  i s  t h e  most d i f f i c u l t  requirement a s soc ia t ed  
wi th  tank  head i d l e .  
p r e s s u r e ) ,  mix ture  r a t i o  must be maintained below 5.25 t o  prevent  
A t  10% t h r u s t  (50 p s i a ,  o r  34.47 N/cm2 chamber 
methane c racking .  A t  1% t h r u s t  (5 p s i a ,  o r  3.45 N / c m  2 chamber pres -  
s u r e )  t h e  maximum t o l e r a b l e  mixture  r a t i o  drops t o  5 .0 .  
a s s o c i a t e d  wi th  mixture  r a t i o  c o n t r o l  are: 
The problems 
1. The p rope l l an t  i n l e t  s tate may be gas ,  l i q u i d ,  or two phase, 
and t h e  c o n t r o l  system must provide  adequate response and 
c o n t r o l  va lve  turndown r a t i o s  t o  account f o r  t h e s e  phase 
changes. 
2 .  V a r i a t i o n  i n  i n l e t  p re s su re  w i l l  a f f e c t  p rope l l an t  flow and 
inc rease  turndown r a t i o  requirements .  
3. There i s  no simple d i r e c t  means f o r  determining i n l e t  s t a t e ;  
consequent ly ,  d i r e c t  flow measurement becomes v i r t u a l l y  impos- 
s i b l e  u n t i l  the  p r o p e l l a n t s  a r e  s e t t l e d .  
I n  the  RLlOA-3-7, tank head i d l e  c o n t r o l  was accomplished by sens-  
i ng  chamber p re s su re  and coolan t  j a c k e t  d i scharge  temperature t o  con- 
t r o l  t h e  ox id ize r  flow c o n t r o l  va lve  p o s i t i o n .  Chamber p re s su re  and 
t h r u s t  are inf luenced  p r imar i ly  by ox id ize r  flow, while  f u e l  coolant  
temperature  i s  inf luenced  p r imar i ly  by mixture  r a t i o ,  hence an  ade- 
qua te  i n d i r e c t  measure i s  obtained.  Chamber p re s su re  and f u e l  temper- 
a t u r e  are f ed  i n t o  a computer which schedules  t h e  ox id ize r  flow c o n t r o l  
va lve  area using exper imenta l ly  determined b i a s e s  and t i m e  cons t an t s .  
A r e l a t i v e l y  narrow range of i n l e t  p re s su res  w a s  a n t i c i p a t e d  f o r  a 
vented tank a p p l i c a t i o n ,  i . e . ,  approximately 23 * 2 (15.86 !c 1.38 N / c m S  
2 
p s i a  f o r  t he  f u e l  and 33 * 2 p s i a  (22.75 -t- 1.38 N / c m  ) on the  ox id ize r  
tank. However, even with t h i s  l imi t ed  range ox id ize r  flow c o n t r o l  
va lve  turndown r a t i o s  of approximately 20: l  were r equ i r ed  t o  compensate 
f o r  t he  ox id ize r  i n l e t  s ta te .  
I n  t h e  5000-lb (22.24 kN) flox-methane engine,  c o n t r o l  requi re -  
ments are much more seve re  because of t h e  much wider v a r i a t i o n  i n  pro- 
p e l l a n t  p re s su re  f o r  non-vented tanks.  
i n s e n s i t i v e  t o  the  i n l e t  s t a t e  because most of t h e  f u e l  system p res su re  
drop occurs  i n  t h e  t h r u s t  chamber and i n j e c t o r  where the  f u e l  would be 
vaporized r e g a r d l e s s  of t he  i n l e t  cond i t ions ;  thus ,  the f u e l  flow i s  
The f u e l  f low i s  r e l a t i v e l y  
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almost d i r e c t l y  p ropor t iona l  t o  the f u e l  tank pressure .  The ox id i ze r  
flow i s  s e n s i t i v e  t o  both i n l e t  p re s su re  and i n l e t  s t a t e .  The most 
promising c o n t r o l  p o i n t  f o r  the  ox id ize r  i n  t h e  t a n k  head i d l e  mode 
s t i l l  appears  t o  be the  ox id ize r  flow c o n t r o l  va lve  as i n  the  RL10A3-7. 
Figure 127 shows the  ox id ize r  c o n t r o l  va lve  requirements t o  maintain a 
mixture r a t i o  of 5.0. 
an  autogenous p r e s s u r i z a t i o n  system. It can be seen t h a t  f o r  low 
methane i n l e t  temperatures (and correspondingly low p res su res )  t he  
c o n t r o l  va lve  t u r n  down r a t i o s  would become excess ive ,  p a r t i c u l a r l y  
with l i q u i d  f l o x  a t  the  engine i n l e t .  Furthermore,  a t  these  high t u r n  
down r a t i o s  t h e  ox id ize r  c o n t r o l  valve area i s  much less than  t h e  
i n j e c t o r  area; consequently,  the i n j e c t o r  p re s su re  drops would be 
extremely low, even wi th  a dual  o r i f i c e  i n j e c t o r .  
The curve i s  based on zero NPSP, as app l i ed  t o  
0.2 0.4 0.6 0.8 1.0 
OXIDIZER INJECTOR I N L E T  QUALITY 
FD 31570 Figure  127.  Estimated Oxidizer Control Area 
Schedules 
I n  the event  t h a t  t ank  head i d l e  c a p a b i l i t i e s  were des i r ed  f o r  
minor AV propuls ion  requirements o r  as a means of u t i l i z i n g  cooldown 
p r o p e l l a n t  f low t o  produce u s e f u l  t h r u s t ,  r a t h e r  than j u s t  as a s t e p  
i n  the  autogenous p r e s s u r i z a t i o n  scheme, a d i f f e r e n t  c o n t r o l  approach 
s u i t e d  t o  the  mode could be taken, This  would r e q u i r e  tank p res su r i za -  
t i o n  and would use c a v i t a t i n g  v e n t u r i  flow meters a t  the  pump i n l e t s .  
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The latter method provides  a unique approach by u t i l i z i n g  a cons t an t  
tank NPSP t o  provide a cons t an t  tank head i d l e  t h r u s t  as well  as mix- 
t u r e  r a t i o  con t ro l .  Because c a v i t a t i n g  v e n t u r i s  are dr iven  by the  
a v a i l a b l e  p re s su re  above the  f l u i d  vapor p re s su re ,  a cons tan t  NPSP (as 
would be d e s i r e d  f o r  nonvented cryogenic  tankage) would provide a 
n e a r l y  cons t an t  f low r e g a r d l e s s  of tank pressure .  Af t e r  t h e  propel-  
l a n t s  a r e  s e t t l e d ,  mixture r a t i o  c o n t r o l  between 4.0 and 5.0 could be 
accomplished, wi th  less than  20% v a r i a t i o n  i n  engine t h r u s t ,  wi thout  
t he  use  of a n  active c o n t r o l  system. The f i x e d  area v e n t u r i s  could be 
bypassed around a shutof f  valve downstream of the p rope l l an t  i n l e t  
va lves ,  o r  could be f ed  from an  in te rmedia te  p o r t  on the  i n l e t  va lves  
as shown i n  f i g u r e  128. A t  tank head i d l e ,  a l l  flow would be  through 
the  v e n t u r i s  and a t  o the r  t h r u s t  l e v e l s  the  v e n t u r i s  would be  bypassed. 
Two-Position Inlet Valves 
- 
Fuel Supply To Combustion 
Chamber 
Venturi 
Figure  128. Schematic Tank Head I d l e  I n l e t  FD 31518 
Controls  
For a t h r u s t  level  of 50-lb o r  22.24 kN (1% t h r u s t )  and an NPSP of 
2 12 p s i  (8 .27  N / c m  ) i n  bo th  tanks ,  v e n t u r i  diameters  of 0.081 i n .  
(0.206 cm) on t h e  f u e l  s i d e  and 0.051 i n .  (0.130 cm) on t h e  ox id ize r  s i d e  
would be r equ i r ed .  For nonse t t l ed  p r o p e l l a n t s ,  t he  mixture r a t i o s  
encountered f o r  va r ious  p r o p e l l a n t  i n l e t  s t a t e s  are given i n  t a b l e  
XXXIX. 
Table XXXIX. Mixture Rat ios  f o r  Various P rope l l an t  
I n l e t  S t a t e s  
Fuel  S t a t e  Liquid Liquid Gas Gas 
Oxidizer  S t a t e  Liquid G a s  Liquid Gas 
Range 
Mixture Ra t io  4.0-5.0 0.24-0.82 25.2-155 1.4-25.4 
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N e i t h e r  t h e  f i x e d  area v e n t u r i s  o r  t h e  o x i d i z e r  f low c o n t r o l  t h r o t t l i n g  
can  p r o v i d e  t h e  r e q u i r e d  s t e a d y - s t a t e  mixture  r a t i o  f o r  a l l  p o s s i b l e  
p r o p e l l a n t  i n l e t  c o n d i t i o n s .  However, i f  p r o p e l l a n t  s e t t l i n g  occurs  
r a p i d l y  enough i n  t h e  small tanks  t h a t  would be employed, t h e  t h r u s t  
chamber h e a t  c a p a c i t y  may b e  s u f f i c i e n t  t o  p r e v e n t  e x c e s s i v e  ne thane  
tempera tures  from b e i n g  encountered  p r i o r  t o  e s t a b l i s h i n g  l i q u i d  pro-  
p e l l a n t  f low i n t o  t h e  engine .  I t  i s  a p p a r e n t  t h a t  a narrower range  of 
i n l e t  c o n d i t i o n s  would s i m p l i f y  t h e  t r a n s i e n t  requi rements .  Even more 
b e n e f i c i a l  would b e  t h e  u s e  of p r o p e l l a n t  s e t t l i n g  d e v i c e s  t o  a s s u r e  
l i q u i d  p r o p e l l a n t s  a t  t h e  engine  i n l e t .  
d.  Conceptual  C o n t r o l  System f o r  T h r o t t l i n g ,  Tank Head I d l e ,  e tc .  
For t h e  reasons  d i s c u s s e d  e a r l i e r ,  t h e  d e t a i l e d  d e f i n i t i o n  of a 
c o n t r o l  system f o r  a l l  of  t h e  v a r i o u s  e n g i n e  o p e r a t i n g  modes of i n t e r e s t  
was n o t  a t tempted .  F i g u r e  129  d o e s ,  however, r e ' p r e s e n t  one approach t o  
a c o n t r o l  system t h a t  would p r o v i d e  t h r o t t l i n g ,  p r o p e l l a n t  u t i l i z a t i o n ,  
and t a n k  head i d l e  t o  e l i m i n a t e  overboard  d i s c h a r g e  of  e n g i n e  cooldown 
p r o p e l l a n t s  and p r o v i d e  minor AV p r o p u l s i o n .  A t  t h e  s ta r t  f o r  nominal 
engine  o p e r a t i o n ,  f i x e d  t h r u s t ,  f i x e d  m i x t u r e  r a t i o ,  t ank  head i d l e  
f low i s  metered through f i x e d  area c a v i t a t i n g  v e n t u r i s  as shown i n  
f i g u r e  128.  A s o l e n o i d  v a l v e  advances t h e  i n l e t  v a l v e s  t o  t h e  tank  
head i d l e  p o s i t i o n  and p r o p e l l a n t s  f l o w  through t h e  v e n t u r i s  and turbo-  
machinery i n t o  t h e  t h r u s t  chamber. It  is assumed t h a t  l i q u i d  f u e l  i s  
provided a t  the  engine  i n l e t ,  o r  t h a t  t h e  f u e l  i s  s e t t l e d  b e f o r e  
e x c e s s i v e l y  high c o o l i n g  j a c k e t  tempera tures  are encountered .  
Anytime a f t e r  s t e a d y - s t a t e  t a n k  head i d l e  o p e r a t i o n  has  been 
achieved ,  t h e  s ta r t  s o l e n o i d  may be a c t i v a t e d ,  advancing t h e  i n l e t  
v a l v e s  t o  t h e i r  f u l l  open p o s i t i o n .  P r o p e l l a n t  f lows  are now monitored 
by t u r b i n e  f lowmeters  i n  each p r o p e l l a n t  l i n e  as t h e  turbomachinery 
accelerates t o  t h e  d e s i r e d  t h r u s t  level. F lowra tes  are f e d  i n t o  a 
c l o s e d  loop  e l e c t r o n i c  c o n t r o l  system which sets t h e  t u r b i n e  bypass  
f low area t o  a c h i e v e  t h e  d e s i r e d  t h r u s t  based  on summation of t h e  pro-  
p e l l a n t  f lows and se t s  t h e  o x i d i z e r  c o n t r o l  v a l v e  p o s i t i o n  t o  m a i n t a i n  
t h e  d e s i r e d  mixture  r a t i o .  A t  h igh  t h r u s t ,  o n l y  t h e  o x i d i z e r  secondary 
f low i s  t h r o t t l e d ,  w h i l e  a t  lower f lows  a second p o r t  i n  t h e  o x i d i z e r  
c o n t r o l  v a l v e  begins  t o  t h r o t t l e  t h e  pr imary f low.  For  t h e  upper r a n g e  
of t h r u s t  t h e  f u e l  f l o w  i s  t h r o t t l e d  o n l y  by t h e  t h r u s t  c o n t r o l  regu-  
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l a t i o n  of turbopump speeds,  b u t  as t h r u s t  i s  reduced t o  below 40% t he  
v a r i a b l e  area c a v i t a t i n g  v e n t u r i  upstream of the  cool ing j a c k e t  a l s o  
begins  t o  c lose .  
c o n t r o l  by a 
the  two c o n t r o l  po in t s .  
The c a v i t a t i n g  v e n t u r i  is  t i e d  t o  the  tu rb ine  bypass 
mechanical l inkage  t o  prevent  c o n t r o l  i n t e r a c t i o n s  between 
Tank Head 
Idle Solenoid 
Flow - 
Mete] 
Fuel 
Inlc  
P 
-=T?y+ Secondary Flow .Primary Flow 
\ 
Idle 
VellkviS 
Figure  129. Conceptual Control  System f o r  FD 31679 
T h r o t t l i n g  and Tank Head I d l e  
P rope l l an t  u t i l i z a t i o n  is  achieved by sens ing  p r o p e l l a n t  tank 
l e v e l s ,  i n l e t  temperatures ,  o r  bo th ,  and a d j u s t i n g  the  o x i d i z e r  flow 
c o n t r o l  va lve  p o s i t i o n  accord ingly ,  S ince  t h r u s t  and mixture  r a t i o  are 
computed based on measured f low'and  c o n t r o l l e d  t o  the  d e s i r e d  va lue  
wi th  a c losed  loop system, mechanical ground s e t t i n g  of mixture r a t i o  
and t h r u s t  t r i m  are no t  requi red .  
F.  PLUMBING AND ENGINE INSTALLATION 
The engine component arrangement and i n s t a l l a t i o n  dimensions a r e  
shown i n  f i g u r e  130. The t o t a l  engine envelope i s  46.3 i n .  (117.6 cm) 
long and 22 i n .  (55.88 cm) i n  diameter .  With a 1 O O : l  radiat ion-cooled 
s k i r t ,  t h e  l eng th  would b e  increased  t o  59.5 i n .  (151.1 cm) and t h e  
e x i t  diameter  would be increased  t o  26.25 i n  (66.68 c m ) .  
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1. Engine Plumbing 
The engine plumbing i s  composed of t he  s i x  p r o p e l l a n t  l i n e s  l i s t e d  
below p lus  a number of smaller helium, ins t rumenta t ion ,  and c o n t r o l  
valve supply l i n e s :  
1. Fuel  pump i n t e r s t a g e  l i n e  
2. Fue l  pump d ischarge  t o  t h r u s t  chamber i n l e t  manifold 
3. Thrust  chamber d ischarge  t o  tu rb ine  i n l e t  
4. Turbine d ischarge  t o  main f u e l  shutof f  va lve  ( f u e l  shutof f  
va lve  i s  a t t ached  t o  i n j e c t o r  i n l e t )  
5. Oxidizer  c o n t r o l  va lve  t o  i n j e c t o r  
6. Primary ox id ize r  flow, pump t o  i n j e c t o r .  
Rigid p ip ing  i s  used throughout t h e  engine w i t h  ample contouring 
t o  provide f o r  thermal expansion and con t r ac t ion .  A I S 1  347 s t a i n l e s s  
s t ee l  i s  used f o r  a l l  of the  helium and low temperature p r o p e l l a n t  
l i n e s  because of i ts  compa t ib i l i t y  wi th  f l o x ,  thermal expansion charac-  
t e r i s t i c s  a t  cryogenic  temperatures (compatible wi th  aluminum valves  
and pump housings) ,  and high q u a l i t y  welded j o i n t s .  The tu rb ine  
i n l e t  and d ischarge  l i n e s  a r e  Inconel  X750 t o  provide good high 
temperature s t r eng th .  
th ickness  on 0.2% y i e l d  s t r e n g t h  a t  the  maximum t r a n s i e n t  p re s su re ;  
however, us ing  a minimum l i n e  gage of 0.020 i n ,  (0.0508 cm), t h i s  l i m i t  
was no t  achieved. The es t imated  plumbing weight inc luding  f l anges  is 
8.4 lb .  (3.81 kg).  
Design p r a c t i c e  ca l l s  f o r  basing l i n e  w a l l  
The main p r o p e l l a n t  system connect ions a r e  sealed wi th  radia ' l-  
loaded metallic angle  gaske t s  as shown i n  f i g u r e  131. Tolerance con- 
t r o l  on p ip ing  i s  c l o s e l y  held t o  maintain the  alignment requi red .  
angle  gaske t  seal was s e l e c t e d  because of i t s  a b i l i t y  t o  seal gaseous 
f l u i d s  as well as l i q u i d s ,  i t s  background i n  l i q u i d  f l u o r i n e  s e r v i c e ,  
The 
and i t s  a b i l i t y  t o  wi ths tand  long-term s torage .  
2.  Gimbal J o i n t  
The engine mount system y-ravides a m e a n s  of attaching the  engine 
t o  t h e  veh ic l e ,  and a l s o  prev-ides a u n i v e r s a i  bearing s y s t a n  t o  a l low 
gimbal l ing of the  engine.  The gimbal mount a t tachment  c o n s i s t s  of a n  
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aluminum p e d e s t a l  wi th  4 -bo l t  ho les  as shown i n  
gimbal a c t i o n  i s  accomplished by means of 4 - s t e e l  p ins  and a d i s k  t h a t  
connect  t he  p e d e s t a l  t o  t h e  c o n i c a l  mount. 
coated wi th  a s o l i d  l u b r i c a n t  and permit  a gimbal movement of w e l l  over 
t h e  design requirement of &2 deg (0.0349 rad)  i n  both axes.  The gimbal 
j o i n t ,  c o n i c a l  suppor t ,  and t h r u s t  chamber a c t u a t o r  l ugs  weight a t o t a l  
of 5.0 l b  (2.27 kg) .  
f i g u r e  132. The 
The p i n s  and the  d i s k  are 
Crushed Corner 
L A n p l e  Gasket 
BEFORE ASSEMBLY AFTER ASSEMBLY 
Figure 131. Propel lan t  Pipe Sea l ing  Method FD 15578 
/PEDESTAL 
CONE’ 
Figure 132. Gimbal Assembly FD 1547D 
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3 e Weight Summary 
The engine weight i s  summarized i n  t a b l e  XL. The t o t a l  engine 
es t imated  weight i s  98-lb (44.45-kg) dry weight,  inc luding  so lenoid  
va lves  and a c t u a t o r  l i n e s .  Except f o r  the  c o n t r o l  system, the  compo- 
nent  weights  a r e  compatible wi th  engine up ra t ing  t o  8000-lb 
(35.59 kN) t h r u s t  and t h r o t t l i n g  t o  10% t h r u s t .  
however, t h a t  f o r  a t h r o t t l i n g  conf igura t ion ,  t h e  c o n t r o l  system weight 
would inc rease  somewhat. The ins t rumenta t ion  box shown i n  f i g u r e  130 i s  
provided as s tandard  equipment €or  veh ic l e  ins t rumenta t ion ,  b u t ,  by 
convention, i s  no t  charged t o  engine weight. The es t imated  instrumen- 
t a t i o n  box weight is  10 l b  (4.54 kg) inc luding  suppor ts ,  b u t  excluding 
p res su re  t ransducers .  
It i s  a n t i c i p a t e d ,  
Table  XL. Component Weight Summary 
Turbopump 
I n  j e c t o r  
Thrust  Chamber 
Control Valves 
Lines and Flanges 
Gimbal and Thrust  Support 
Attaching Hardware 
Solenoid Valves 
T o t a l  Engine Dry Weight 
l b  
24.2 
8.7 
32.7 I 
12.4 
8 . 4  
5 . O  
5 .O 
1 . 6  
98.0 
(10.98) 
( 3.95) 
(14.83) 
( 5 . 6 3 )  
( 3.81)  
( 2.27) 
( 2.27)  
( 0.73)  
(44.45)  
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SECTION V 
CONCLUSIONS 
Under Task I of t h e  "Space S t o r a b l e  Engine Charac te r iza t ion ,  I t  
t h e  expander cyc le  wi th  a s i n g l e  t u r b i n e  and geared pumps w a s  de t e r -  
mined t o  be t h e  most d e s i r a b l e  conf igu ra t ion  f o r  a low-thrust ,  pump- 
fed,  f lox/methane engine.  Under Task I1 a pre l iminary  design of a 
5000-lb (22.24 kN) t h r u s t ,  500-psia (344.7 N/cm ) chamber pressure ,  
flox/methane engine was completed. The es t imated  engine vacuum 
s p e c i f i c  impulse i s  399.4 l b  - sec / lb  (3916 N-sec/kg) and approxi- f m 
mately 6 . 0  lb f - sec / lbm (58.84 N-sec/kg) i m p u l s e  i nc rease  may be 
achieved wi th  a d d i t i o n  of a nozzle  ex tens ion .  
weight was 98 l b  ( 4 4 . 4 5  kg) .  No unan t i c ipa t ed  problems w e r e  
uncovered, and engine development i s  be l ieved  t o  b e  completely f e a s i -  
b l e .  Other s i g n i f i c a n t  conclusions app l i cab le  t o  low-thrust ,  pump-fed, 
f lox/methane engines,  t o  be drawn from t h e  s tudy are as fol lows:  
2 
The est imated engine 
1. Fabr i ca t ion  l i m i t a t i o n s  on coolan t  passage dimensions 
s i g n i f i c a n t l y  in f luence  t h e  l i m i t a t i o n s  on t h e  chamber pres -  
su res  t h a t  can be achieved wi th  t h e  engine cyc le ,  and f a b r i -  
c a t i o n  r e sea rch  $11 t h i s  area i s  warranted. 
2 .  Carbon f o u l i n g  of t h e  t u r b i n e  could be  a s i g n i f i c a n t  problem 
wi th  t h e  gas genera tor ,  t a p o f f ,  and preburner  cyc le s .  
3 .  Proper p rope l l an t  d i s t r i b u t i o n  f o r  maintaining a s a t i s f a c t o r y  
t u r b i n e  working f l u i d  temperature  without a s u b s t a n t i a l  pe r -  
formance lo s s  wi th  t h e  t apof f  cyc le  would be extremely 
d i f f i c u l t .  
4 .  Present  technology l i m i t s  on f l u o r i n e  rubbing seals l i m i t  
t h e  ox id i ze r  pump speed t o  less than  40,000 rprn 
(4189 r ad / s )  
5 .  The design chamber pressure  and s e l e c t i o n  of cyc les  a f f e c t  
t he  requi red  f u e l  pump and tu rb ine  speeds s i g n i f i c a n t l y ,  
General ly ,  however, both r e q u i r e  speeds of 50,000 rpm 
(5236 r ad / s )  or  h ighe r  f o r  s a t i s f a c t o r y  e f f i c i e n c i e s .  
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6 .  Turbine admission area requirements are c r i t i c a l l y  low f o r  
p a r a l l e l  t u r b i n e s  i n  c losed  cyc le s  and r e s u l t  i n  a sub- 
s t a n t i a l  loss  i n  a v a i l a b l e  cyc le  power. 
2 7. For the expander cyc le ,  a t  800 p s i a  (551.6 N/cm ) chamber 
p re s su re  and 5000-lb (22.24 kN) t h r u s t  des ign  po in t ,  
methane c racking  i n  t h e  cool ing  j a c k e t  would probably occur  
a t  10% t h r u s t  un le s s  t h e  engine mixture  r a t i o  w e r e  reduced. 
2 8. The expander cyc le  a t  500 p s i a  (344.7 N / c m  ) chamber pres-  
s u r e  may b e  designed f o r  up ra t ing  t o  8000-lb (35.59 kN) 
t h r u s t .  
t i o n s ,  which were considered, appears  imprac t i ca l .  
Uprat ing o f ' t h e  o t h e r  cyc le /des ign  po in t  combina- 
9. T h r o t t l i n g  t o  10% t h r u s t  may b e  r e a d i l y  accomplished w i t h  a varia- 
b l e  area o r  f low-spl i t  i n j e c t o r  f o r  t h e  o x i d i z e r  although o t h e r  
types may be equa l ly  app l i cab le .  
w a s  found t o  be w e l l  s u i t e d  t o  t h i s  app l i ca t ion .  
A coaxia l  dual-or i f  ice  i n j e c t o r  
10, Turbine bypass appears t o  be the  most promising means of 
t h r u s t  c o n t r o l  and, wi th  the  d u a l - o r i f i c e  i n j e c t o r ,  c o n t r o l  
of ox id i ze r  secondary flow was judged t o  be the  b e s t  method 
of mixture  r a t i o  con t ro l .  
11, A boo t s t r ap  s t a r t  is f e a s i b l e  wi th  the  expander cyc le ,  
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APPENDIX A 
PARAMETRIC HEAT TRANSFER DATA 
Presented  i n  t h i s  appendix are t h e  paramet r ic  d a t a  generated 
under t h e  Task I "Prel iminary Regenerat ive Cooling Analysis"  (Sec- 
t i o n  1 1 1 - B ) ,  and t h e  more s p e c i f i c  paramet r ic  d a t a  which desc r ibe  t h e  
t h r u s t  chamber coo l ing  c h a r a c t e r i s t i c s  of t h e  four  cycle-design p o i n t  
combinations evaluated under t h e  "Cycle Energy Balance," (Sec t ion  111, 
paragraph F).  
The t h r u s t  chamber dimensional requirements are given hn Sec- 
t i o n  111, paragraph B.2. Two sets of Thermal Skin dimensional l i m i t s  
w e r e  used f o r  t h e  c a l c u l a t i o n s ;  t h e s e  a r e  l i s t e d  i n  t a b l e  I1 (Sec- 
t i o n  111) .  For both sets of assumed dimensional l i m i t s  (Case 1 and 
II), c a l c u l a t i o n s  were made f o r  two i n l e t  p re s su re  t o  chamber p re s su re  
r a t i o s ,  Pin/Pc. A Pin/Pc of 1.5 was s e l e c t e d  a s  t y p i c a l  of open 
cyc le  requirements ,  such a s  i n  a gas gene ra to r  engine,  while  a 
P .  /P o f  3 .0  w a s  used t o  r ep resen t  c losed  cyc le s ,  such as t h e  i n  c 
expander cyc le .  
drop f o r  both sets of c a l c u l a t i o n s  are presented  i n  f i g u r e s  A-1 
through A-24. F igures  A-1  through A-12 show t h e  r e s u l t s  f o r  Case I, 
and f i g u r e s  13 through 24 show t h e  Case I1 r e s u l t s  which were used f o r  
t h e  Task I C ,  "Turbopump Drive Cycle Analys is .  I' Separa te  curves  are 
presented  f o r  two mixture  r a t i o s  (r = 4.75 and 5.75)  a t  each of t h e  
t h r e e  h e a t  f l u x  l e v e l s  (%/Q 
The c a l c u l a t e d  coolan t  temperature  r ise and p res su re  
= 0.765, 0.90, and 1 .0 )  and t h e  two 
P 
P .  /P r a t i o s .  
i n  c 
F igures  A-25 through A-36 desc r ibe  t h e  des ign  p o i n t  and o f f -  
des ign  cool ing  c h a r a c t e r i s t i c s  f o r  t h e  expander and a u x i l i a r y  h e a t  
exchanger cyc le s  a t  both of t h e  des ign  p o i n t s  used i n  t h e  Task I 
a n a l y s i s .  The e n t i r e  range of coolan t  p re s su re  drop, coolan t  bulk 
temperature  r ise ,  and maximum t h r u s t  chamber w a l l  temperatures  of 
i n t e r e s t  €or t h e  four  ope ra t ing  v a r i a b l e s  can be eva lua ted  paramet- 
r i c a l l y  wi th  seven sets of curves .  The j a c k e t  p r e s s u r e  l o s s  can  b e  
represented  by t h r e e  sets  of curves ,  as shown i n  f i g u r e  A-25, A-28, 
A-31, and A-34 f o r  each of t h e  fou r  cases .  The baseAP/Pc d a t a  were 
231 
c a l c u l a t e d  a t  a mixture  r a t i o  of 5.25 and a Qm/Qp of 1 .0 .  
are shown i n  t h e  top set  of curves  as a func t ion  of chamber p re s su re  
wi th  l i n e s  of  cons tan t  P /Pc.  i n  
provide  a c o r r e c t i o n  t o  t h e  base  d a t a  fo r  changes i n  mixture  r a t i o  o r  
These d a t a  
In f luence  curves are a l s o  shown t o  
. S i m i l a r  curves  are shown i n  f i g u r e s  A-26,  A-29, A-32,  and A-35 Qm’Q, 
f o r  de te rmina t ion  of j acke t  temperature  rise, and i n  f i g u r e s  A-27,  
A-30,  A-33,  and A-36 f o r  de te rmina t ion  of t h e  maximum w a l l  tempera- 
t u r e s .  
w a l l  temperature  i s  n e g l i g i b l e ;  t h e r e f o r e  no in f luence  curves are shown 
f o r  t h e s e  v a r i a b l e s .  
The e f f e c t  of i n l e t  p re s su re  on j a c k e t  temperature  r i s e  and on 
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DF 70801 Figure  A - 1 .  Flox/Methane 5000-lb ( 2 2 . 2 4  kN) Coolant 
Temperature R i s e  and Pressure  Loss - Case I 
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Figure A - 2 .  Flox/Methane 5000-lb ( 2 2 . 2 4  kN) Coolant DF 70802 
Temperature Rise and Pressure LOSS - Case I 
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Figure A - 3 .  Flox/Methane 5000-lb (22.241 kN) Coolant DF 70803 
Temperature Rise and Pressure Loss - Case I 
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Figure  A - 4 .  Flox/Methane 5000-lb ( 2 2 . 2 4  kN) Coolant DF 7 0 8 0 4  
Temperature Rise and Pressure Loss - Case I 
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Figure A - 5 .  Flox/Methane 5000-lb (22 .24  kN) Coolant DF 70805 
Temperature Rise and Pressure Loss - Case I 
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Figure A - 6 .  Flox/Methane 5000-lb (22 .24  kN) Coolant DF 70806 
Temperature Rise and Pressure Loss - Case I 
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Figure A - 7 .  Flox/Methane 5000-lb (22 .24  kN) Coolant DF 70807 
Temperature Rise and Pressure Loss - Case I 
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Figure A - 8 .  Flox/Methane 5000-lb ( 2 2 . 2 4  kN) Coolant DF 70808 
Temperature Rise and Pressure Loss - Case I 
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Figure  A - 9 .  Flox/Methane 5000-lb ( 2 2 . 2 4  kN) Coolant DP 70809 
Temperature Rise and Pressure  Loss - Case 1 
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Figure A-10. Flox/Methane 5000-lb (22 .24  kN) Coolant DF 70810 
Temperature Rise and Pressure Loss - Case I 
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DF 70811 Figure A-11. Flox/Methane 5000-lb (22 .24  kN) Coolant 
Temperature Rise and Pressure L o s s  - Case I 
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Figure A-12. Flox/Methane 5000-lb (22.24 kN) Coolant DF 70812 
Temperature Rise and Pressure Loss - Case I 
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Figure A-1-3. Flox/Methane 5000-lb (22 .24  kN) Coolant DF 79813 
Temperature Rise and Pressure Loss - Case I1 
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Figure A-14. Flox/Methane 5000-lb ( 2 2 . 2 4  kN) Coolant DF 70814 
Temperature Rise and Pressure Loss - Case I1 
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Figure A - 1 5 .  Flox/Methane 5000-lb (22 .24  kN) Coolant DF 70815 
Temperature R i s e  and Pressure Loss - Case 11 
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Figure A-16. Flox/Methane 5000-lb ( 2 2 . 2 4  kN) Coolant DF 70816 
Temperature Rise and Pressure Loss - Case I1 
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Figure  A - 1 7 .  Flox/Methane 5000-lb (22 .24  kN) Coolant DF 70817 
Temperature R i s e  and Pressure  Loss - Case I1 
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DF 70818 Figure A-18. Flox/Methane 5000-lb ( 2 2 . 2 4  kN) Coolant 
Temperature Rise and Pressure Loss - Case I1 
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Figure A-19. Flox/Methane 5000-lb ( 2 2 . 2 4  kN) Coolant DF 70819 
Temperature Rise and Pressure Loss - Case 11 
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Figure  A-20. Flox/Methane 5000-lb ( 2 2 . 2 4  kN) Coolant DF 70820 
Temperature R i s e  and P res su re  L o s s  - Case I1 
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Figure A - 2 1 .  Flox/Methane 5000-lb (22 .24  kN) Coolant DF 70821 
Temperature Rise and Pressure Loss - Case I1 
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Figure  A-22.  Flox/Methane 5000-lb (22.24 kN) Coolant DF 70822 
Temperature R i s e  and Pressure  Loss - Case I1 
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Figure A-23 .  Flox/Methane 5000-lb (22 .24  kN) Coolant DF 70823 
Temperature Rise and P res su re  Loss - Case I1 
255- 
F i g u r e  A - 2 4 .  Flox/Methane 5000-lb ( 2 2 . 2 4  kN) Coolant  DF 70824 
Temperature R i s e  and P r e s s u r e  Loss - Case I1 
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F i g u r e  A-25. T h r u s t  Chamber Cooling C h a r a c t e r i s t i c s  DF 70858 
Design I - Expander Cycle J a c k e t  P r e s s u r e  Drop 
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Figure A-26. Thrust Chamber Cooling Characteristics DF 70859 
Design I - Expander Cycle Bulk Temperature 
Rise 
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Figure A - 2 7 .  Thrus t  Chamber Cooling C h a r a c t e r i s t i c s  
Design I - Expander Cycle Maximum Wall 
Temperature 
DF 70860 
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Figure A-28. Thrust Chamber Cooling Characteristics DF 70861 
Design I1 - Expander Cycle Jacket Pressure 
Drop 
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Figure A-29. Thrust Chamber Cooling Characteristics DF 70862 
Design I1 - Expander Cycle Bulk Temperature 
Rise 
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Figure  A - 3 0 .  Thrus t  Chamber Cooling C h a r a c t e r i s t i c s  DF 70863 
Design I1 - Expander Cycle Maximum Wall 
Tempe r a  t u r  e 
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Figure  A - 3 1 .  T h r u s t  Chamber Cooling C h a r a c t e r i s t i c s  DF 70864 
Design I - A u x i l i a r y  H e a t  Exchanger Cycle  
T h r u s t  Chamber S e c t i o n  
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Figure A-32. Thrust Chamber Cooling Characteristics DF 70865 
Design I - Auxiliary Heat Exchanger Cycle 
Thrust Chamber Section 
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Figure A-33. Thrust Chamber Cooling Characteristics DF 70866 
Design I - Auxiliary Heat Exchanger Cycle 
Thrust Chamber Section 
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Figure  A-34. Thrus t  Chamber Cooling C h a r a c t e r i s t i c s  DF 69495 
Design I1 - Auxi l i a ry  Heat Exchanger Cycle 
Thrust  Chamber Sec t ion  
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Figure A-35. Thrust Chamber Cooling Characteristics DF 70868 
Design I1 - Auxiliary Heat Exchanger Cycle 
Thrust Chamber Section 
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Figure A-36. Thrust Chamber Cooling Characteristics DF 70867 
Design I1 - Auxiliary Heat Exchanger Cycle 
Thrust Chamber Section Maximum Wall Temperature 
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APPENDIX B 
NOMENCLATURE 
Symbol 
A 
ADM 
b 
b '  
C 9: 
cD 
cF 
c S  
d 
hP 
Ivac 
L 9: 
N 
P 
PR 
Qm 
QP 
r 
S 
t 
W 
Desc r ip t ion  
Area 
Unit  
in . '  ( c m  ) 2 
Turbine admission area 
Coolant p re s su re  drop in f luence  c o e f f i c i e n t  
Coolant temperature  r ise  in f luence  c o e f f i c i e n t  
C h a r a c t e r i s t i c  v e l o c i t y  W s e c  (m/sec) 
Discharge c o e f f i c i e n t  
Thrus t  c o e f f i c i e n t  
Theore t i ca l  stream t h r u s t  c o e f f i c i e n t  
(p red ic t ed  aerodynamic e f f i c i e n c y  account ing 
f o r  f r i c t i o n  and divergence l o s s e s )  
Depth 
Power 
Vacuum s p e c i f i c  impulse 
C h a r a c t e r i s t i c  length  
Ro ta t iona l  speed 
P r es s u r  e 
Q u a l i t a t i v e  performance r a t i n g  
Est imated h e a t  t r a n s f e r  rate based on 
experimental  d a t a  
T h e o r e t i c a l l y  p red ic t ed  h e a t  t r a n s f e r  r a t e  
based on Bartz  boundary l a y e r  a n a l y s i s  
Oxidizer- to-fuel  weight flow r a t i o  
Land width 
Temperature 
Width 
i n .  (cm) 
horsepower (w) 
I b  - sec / lbm (N - s e c /  kg ) 
inches (cm)  
rpm ( r a d / s )  
p s i a  (N/cm2) 
Btu/sec ( j o u l e / s e c )  
Btu/sec ( j o u l e / s e c )  
OR (OK) 
i n .  (cm) 
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Symbol 
W Flowr a t e 
w t  Weight 
B Blade t i p  angle  
e Area r a t i o  
rl E f f i c i ency  
6 Wa 11 t h i c  knes s 
Desc r ip t ion  
Subsc r ip t s  
C 
e 
f 
I D  
i n  
0 
P 
S 
T 
t 
V 
vac 
W 
Thrus t  chamber 
Nozzle exi t  p l ane  
Fue 1 
Po in t  of i n c i p i e n t  thermal decomposition 
Coolant i n l e t  cond i t ions  
Ox i d i z er 
Oxidizer  primary flow 
Oxidizer  secondary f l o w  
Turbine i n l e t  cond i t ions  
Nozzle t h r o a t  cond i t ions  
Avai lab le  t u r b i n e  flow 
Vacuum cond i t ions  
Thrus t  chamber h o t  s i d e  w a l l  condi t ions  
Unit  
lb,/ sec (kg / s ec )  
I b  (kg) m 
deg ( r a d )  
i n .  (cm) 
Supe r sc r ip t s  
Theore t i ca l  va lue  
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